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Abstract 
In designing any power generation system that incorporates photovoltaics (PV) there is 
a basic requirement to accurately estimate the output from the proposed PV array under 
operating conditions.  PV modules are given a power rating at standard test conditions 
(STC) of 1000Wm
-2, AM1.5 and a module temperature of 25 °C, but these conditions 
do not represent what is typically experienced under outdoor operation. 
 
It is well known that different PV technologies have different seasonal patterns of 
behaviour.  These differences are due to the variations in spectral response, the different 
temperature coefficients of voltage and current and, in the case of amorphous silicon (a-
Si) modules, the extra effect of photo-degradation and thermal annealing.  
 
In this study a novel method has been used to obtain highly accurate energy output data 
from six different PV modules representing five different technologies: 
Single crystal silicon (c-Si). 
Poly-crystalline silicon (p-Si) (2 modules). 
Triple junction amorphous silicon (3j, a-Si). 
Copper indium diselenide (CIS).  
Laser grooved buried contact (LGBC, c-Si) crystalline silicon.  
 
This data set includes all the associated meteorological parameters and back-of-module 
temperatures.  
 
The monitoring system allows the simultaneous measurement of six different modules 
under long-term outdoor operation, which in turn allows a direct comparison of the 
performance of the modules.  
   vii
Each of the modules has been deployed for at least one year, which provides useful 
information about the seasonal behaviour of each technology. 
 
This data set ultimately provides system designers and consumers with valuable 
information on the expected output of these different module types in climates like that 
of Perth, Western Australia. 
 
The second part of the study uses the output data collected to assess and compare output 
predictions made by some currently available photovoltaic performance prediction tools 
or methods.  These range from a generalised approach, as used in the Australian 
Standards, to the commercially available software packages that employ radiation, 
thermal and PV models of varying complexities.  The results of these evaluations 
provide very valuable information, to PV consumers, about how complex PV output 
prediction tools need to be to give acceptable results. 
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 Chapter 1: Introduction 
 
 1
1 Introduction 
1.1 Background 
Use of photovoltaic (PV) technology to generate electricity is increasing world-wide.  
Over the past two decades PV has become well established in remote area power 
supply, where it can be the most cost-effective choice.  PV is also becoming more 
common in grid-connected applications, motivated by concerns about the contribution 
of fossil fuel use to the enhanced greenhouse effect, and other environmental issues. 
 
In designing any power generation system that incorporates photovoltaics (PV) there is 
a basic requirement to accurately estimate the output from the proposed PV array under 
operating conditions.  Good system design is essential to provide reliable systems.  An 
appropriately sized PV array enables consumers, especially of remote area systems, to 
receive a reliable energy supply at a reasonable cost.   
 
It is well known that different PV technologies have different seasonal patterns of 
behaviour.  These differences are due to the variations in spectral response, the different 
temperature coefficients (TCs) of voltage and current and, in the case of amorphous 
silicon (a-Si) modules, the extra effect of photo-degradation and thermal annealing.     
However, PV modules are rated at standard test conditions (STC) of 1000Wm
-2, AM1.5 
and a module temperature of 25°C, and these conditions do not represent what is 
typically experienced under outdoor operation. 
 
To date, however, there has been very little detailed information for designers, installers 
and consumers of PV systems about what is the best module to use for their application Chapter 1: Introduction 
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and site, or which PV energy output predictive performance tool will give an accurate 
estimation of the energy yield of the proposed system. 
 
Good system design assists in promoting the renewable energy industry. The increased 
use of PV, in turn, assists in attaining environmental goals. 
1.2  Objectives of the Thesis 
The objectives of this study are to explore the performance of key PV technologies over 
an extended period, and to determine how complicated PV models, used in PV energy 
output predictive performance tools, need to be to provide an acceptable sizing method 
for both established and newer technologies.  Also this study seeks to provide 
recommendations to system designers and installers about appropriate sizing methods. 
 
These objectives are achieved by carefully monitoring and comparing the total energy 
output of different PV technologies, generating power under identical conditions. 
 
This data is initially used to provide consumers with information about the different 
outputs for climates like Perth. i.e. Is there a preferred PV technology to use for this 
climate?  Are manufacturers’ ratings correct or accurate? Do PV consumers get what 
they pay for?   
 
The data is then used to see how the different PV performance prediction methods are 
able to predict the energy output of all the different technologies.  How complicated do 
these tools need to be to give acceptable results? Also, what constitutes an acceptable 
result? 
The implications for designers, installers and consumers of PV are then discussed. Chapter 1: Introduction 
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In both module comparison and model evaluation this work has a high value to 
designers and users of PV systems, as well as other researchers investigating material 
properties and performance characteristics of different PV technologies. 
1.3 Thesis  Outline 
This study compares the energy production of six individual photovoltaic modules 
under outdoor operation for at least a year.  A novel and highly accurate method of data 
collection has been used, employing specially designed individual maximum power 
point trackers (MPPTs).  The six PV modules represent five different technologies.  The 
technologies investigated are crystalline silicon (c-Si), poly-crystalline silicon (p-Si), 
triple junction amorphous silicon (3j, a-Si), copper indium diselenide (CIS) and laser-
grooved buried contact crystalline silicon (LGBC, c-Si).  These modules represent 
widely used technologies as well as newer commercial technologies showing increasing 
production and market penetration.  
 
Precise, reliable data collected is then used to evaluate five different PV performance 
prediction tools, from basic calculations to more complex PV performance simulation 
software packages.  The five different performance prediction methods are used to 
predict the energy output of the six different modules and the results are compared with 
the measured output.  The investigation examines the photovoltaic models used by the 
performance prediction methods, as well as the subsidiary thermal and radiation models.   
 
Chapter two provides the necessary background and context to the work described in 
this thesis.  First is presented the growth in the world PV Market including the increase 
in the production and utilisation of thin film technologies.   
 Chapter 1: Introduction 
 
  4
The standard PV ratings and specifications provided by manufacturers are then 
presented. Previous studies showing the differences in performance of a variety of 
technologies are discussed.  A discussion of energy rating schemes as alternatives to the 
standard peak power rating scheme is presented. The method chosen to compare the 
performance of PV modules in this study, the Performance Ratio, is explained.  It is a 
widely used measure of system performance. 
 
An overview of the work of other groups performing PV monitoring is presented.  The 
main methods are discussed and compared to the novel method employed in this study.  
 
Some of the commonly used PV models, used in the PV energy output predictive 
performance tools, are discussed along with the subsidiary thermal and radiation 
models. 
 
Lastly chapter two describes the current state of PV performance prediction methods 
and simulation software with a focus on the five methods to be compared in this study.   
 
In chapter three the method of data collection is described in detail.  The operation of 
the Spire Solar Simulator, used for STC tests, is described. The monitoring system 
design and construction is documented, along with details on instrument calibration.  
The use of individual maximum power point trackers is highlighted.  These devices 
were designed and built specifically for this study, and extensive work has been done in 
optimising and tailoring their operation.  A dynamic method for determining their 
efficiency has been developed and used to characterise their operation under different 
meteorological conditions. 
 Chapter 1: Introduction 
 
  5
Chapter four presents the long term outdoor monitoring and STC results from the 
individual modules. These results are compared with results published by other groups 
and analysed in terms of the behaviour of different technologies.  The results are also 
evaluated in terms of manufacturers’ specifications.   The data provides a direct 
comparison of the different technologies under identical operating conditions, 
highlighting any apparent differences in energy production.  It provides information on 
which module technologies may be most suited to a particular climate.   
 
The results presented in chapter five provide an assessment of how well simulation 
methods predict the performance of PV technologies, and how much complexity is 
required to get an accurate outcome when using these different models for system 
sizing.  Simulation software packages and other sizing techniques are used to predict the 
annual energy output from the different modules using meteorological data measured on 
site simultaneously with the PV module output.  The predicted outputs are compared 
with the monitored data and the results of these evaluations are presented. 
 
The final conclusions of the study are summarised and presented in chapter six, 
including the implications for users and designers of PV systems.  
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2  PV Modules and PV Models 
2.1 Introduction 
In this chapter the current PV manufacturing and shipment trends are presented, 
highlighting particular growth areas.  The standard rating system used for PV is 
discussed.  The results of other studies are presented in relation to PV performance 
based on technology.  Finally, a range of PV sizing tools, including the underlying PV, 
radiation and thermal models, are discussed. 
2.1.1 Market  Growth 
In Australia and throughout the rest of the world government initiatives and incentives 
are helping to drive an increase in production of photovoltaic modules.  The Million 
Solar Roofs project in America (USA-DOE, 2001) and similar projects in Germany and 
Japan (IEA, 2001), for example, account for the spread of grid-connected PV installed 
on domestic roofs.    
 
In Australia showcase PV projects, including the athletes' village, featured in facilities 
for the Sydney 2000 Olympics.  A total installed capacity of 905kWp of PV throughout 
the venues provided publicity for the PV industry and stimulated strong demand for PV 
modules (Prasad & Snow, 2000).  As part of Australia's response to climate change the 
Australian Greenhouse Office (AGO), responsible for the Commonwealth 
Government's climate-change package, was established in 1998. The renewable energy 
program, a component of the package, now includes rebate programs valued at more 
than AUD$350m.  The programs include support for general renewable energy and 
specific PV projects, covering remote area and grid connected systems. (Rossiter & 
Giroult, 2001).  The world-wide increase in PV module shipments and the breakdown Chapter 2: PV Modules and PV Models 
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into technology types can be seen in Figure 2-1.  The large increase in production of the 
newer thin film modules is clearly apparent.   The PV industry grew by 380% between 
1998 and 2003, and the annual growth is also increasing, with module shipments 
increasing by approximately 33% from 2002 to 2003.  The crystalline silicon 
technologies have more than 90% of the market share of module shipments, but Figure 
2-1 shows increased production of other technologies such as a-Si and CdTe (Maycock, 
2001; 2002; 2003; 2004).  
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Figure 2-1 Total World Module Shipments (Data taken from PV News issues and private 
communications, 1990-2004) 
 
Many factors contribute to interest in thin film technologies.  These factors include: 
improved efficiency and efficiency stability, lower cost of manufacture and the potential 
to manufacture the thin film devices in large area sheets and with a flexibility that is not 
provided by conventional cells made on crystalline wafer substrates.   
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Building-integrated PV (BIPV) is a growing market for PV.  Its applications include 
integral roof modules, roofing tiles and shingles as well as building facades for which 
the flexibility of thin film PV makes it ideal (Rannells, 1998). 
 
The increase in the production and use of thin film photovoltaics, such as a-Si, CdTe 
and CIS, requires studies to evaluate the performances of different module types.  If 
significant differences are observed, there may be a need to expand the PV rating 
systems and sizing methods now used to incorporate the different energy production 
properties of these devices.  In this study two of these three technologies, a-Si and CIS, 
are compared with the standard crystalline technologies.  CdTe modules were not 
available when this work was started. 
2.2  Standard Rating of PV Modules 
In comparing different modules the standard rating system used is a peak power value 
given by the manufacturers.  This is based on the module maximum power output at 
standard test conditions (STC).  The current terrestrial standard is an irradiance of 
1000W/m
2 at Air Mass AM1.5, and a cell or module temperature of 25°C (Green, 
1995).  Generally the information supplied by PV manufacturers includes the following 
parameters:  
 
Pmax    Maximum Power Rating 
Voc     Open Circuit Voltage 
Isc    Short Circuit Current 
Vmp    Maximum Power Voltage 
Imp    Maximum Power Current 
These values are readily measured using a Solar Simulator. Chapter 2: PV Modules and PV Models 
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Another value often supplied by manufacturers is the Nominal Operating Cell 
Temperature or NOCT.  It is defined as the cell temperature of an open-circuited, rack-
mounted module at standard operating conditions (SOC).  SOC represents a more 
realistic operating condition for a PV module than STC.  SOC is defined as an 
irradiance of 800W/m
2, an ambient temperature of 20°C, and a wind speed of 1m/s.  By 
providing the NOCT value a user or system designer can calculate a thermal 
capacitance value for the module and thereby estimate cell temperatures at other 
operating conditions (Duffie & Beckman, 1991).  This property is also used in some 
system design software such as Hybrid2 (Baring-Gould, 1996).  Occasionally 
manufacturers will also give voltage and current values at SOC.  More frequently 
manufacturers now include temperature coefficients either for Voc and Isc or for Pmax.   
 
The size attributed to a PV array is calculated from this STC Wp (peak watt) rating, 
even though the standard test conditions described above are rarely experienced by 
modules under actual operation. A 20 kW array, for example, consists of an array of PV 
modules whose Wp rating totals 20 kWatts, though, depending on the location, it is 
highly unlikely the array will ever produce a power of 20 kW. 
 
The SOC and NOCT values provide a more realistic indication of the output of modules 
under actual operation, but, again, these are ideal conditions and not representative of 
the full range of operating conditions. 
2.3  The Outdoor Performance Characteristics of Different PV 
Technologies. 
One aim of this study is to assess the methods used to size and design photovoltaic 
arrays providing valuable information to PV users and researchers.  The work is 
applicable to remote area power systems (RAPS) and grid-connected systems.   Chapter 2: PV Modules and PV Models 
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Assessment is made by monitoring the performance variations between different 
photovoltaic technologies, both those now being developed, and starting to appear in 
greater volume in the market place, and the established technologies.  Using this 
carefully and accurately monitored data the effectiveness of sizing tools in predicting 
the energy output of the different PV technologies is evaluated.   
 
Most of the PV models currently used in PV design software or standard sizing methods 
are based on the well-understood and well-documented behaviour of single crystalline 
silicon photovoltaic modules.  Models for this behaviour range from simple basic 
models to complex models that simulate the fundamental device physics.  The most 
basic PV model assumes that the conversion efficiency of single crystal modules is 
dominated by a negative temperature response, and the subsequent power output varies 
linearly with incident radiation (Helmke et al., 1995).   It also uses the fact that 
crystalline silicon solar cells are fairly insensitive to spectral changes in the incident 
light (Durisch et al., 1996).    
 
While the basic approach is sufficient in a lot of applications the actual situation for 
crystalline silicon is more complex.  Several studies have shown that the efficiencies of 
crystalline PV modules do vary with irradiance, especially at low light levels (Durisch 
et al., 1996; Eikelboom & Reinders, 1997; Gonzalez & Carroll, 1994).  Some of these 
differences can be explained in terms of the one-diode (see section 2.5.2) or two-diode 
solar cell model (Eikelboom & Reinders, 1997; Gottschalg et al., 1999).   
 
The behaviour and underlying physics of thin film PV devices is more complex than 
crystalline.   Attempts to model their idiosyncratic behaviour have required extra terms Chapter 2: PV Modules and PV Models 
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to be added, or other modification to be made, to the one-diode or two-diode equations 
(Coors et al., 1998; Holley et al., 2000).   
 
Although these complexities may be useful in explaining some of the measured 
performance results, the key question for this study is whether they need to be included 
in general PV design software.  
 
PV technologies respond distinctively to the seasons.  Differences are due to the 
variations in spectral response, the varying temperature coefficients of voltage and 
current and, in the case of amorphous silicon (a-Si) modules, the extra effects of photo-
degradation and thermal annealing. Nann and Emery have stated that unlike crystalline 
silicon technology, linearity in temperature and irradiance response is not valid for most 
of the thin film devices, and spectral sensitivity is more pronounced in the higher band 
gap devices, like a-Si, CdTe or GaAs (Nann & Emery, 1992).  Several studies, 
discussed below, have clearly shown these differences in the output of the different 
technologies.  However, the reasons for the differences are not fully understood or 
agreed upon.  Several groups are working toward the development of models to explain 
and simulate these differences (Akhmad et al., 1997b; Holley et al., 2000; King et al., 
2001; Nann & Emery, 1992; Merten & Andreu, 1998).  Most of the work has focussed 
on a-Si, but some studies have included CIS and CdTe.   
 
Many studies have shown the initial light induced degradation of a-Si solar cells, known 
as the Staebler-Wronski effect, and the seasonal variation in efficiency due to thermal 
annealing (Akhmad et al., 1997a; Akhmad et al., 1997b; Helmke et al., 1995; Ichikawa 
et al., 1996; Kroposki & Hansen, 1997).   The a-Si modules show a rapid decline in 
efficiency when first exposed to sunlight and then an increase in efficiency with Chapter 2: PV Modules and PV Models 
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seasonal increase in temperature.  As the temperature seasonally reduces, the light 
degradation process is repeated followed by a further recovery with increasing 
temperature.   
 
Ichikawa et al (Ichikawa et al., 1996), Helmke (Helmke et al., 1995), Akhmad (Akhmad 
et al., 1997b) and Takahisa (Takahisa et al., 1997) have all shown that no long-term 
degradation exists in newer modules.  Their efficiencies do stabilise or reach saturation, 
but they also continue to exhibit seasonal variation.   
 
There is evidence that modules of differing technologies could be more suited to certain 
specific climates.  Meike (Meike, 1998), for example, has reported on the very different 
performance of two PV arrays installed in a hybrid power station in a remote 
community in northern Australia, 400km south of Darwin.  One array consists of poly-
crystalline silicon (p-Si) modules and the other is made up of triple junction a-Si 
modules. Meike's work has shown that, (when normalised to account for the different 
sized arrays) in this tropical climate, with high ambient temperatures and high humidity 
during the wet season, the a-Si array outputs between 20% and 30% more power than 
the p-Si array.   
 
In a separate study Akhmad et al. (Akhmad et al., 1997a) have also indicated a-Si 
modules may be more suited to tropical climates.  A comparison of poly-crystalline and 
amorphous silicon PV modules has shown the efficiency of the p-Si modules has a 
seasonal variation opposite to that of the a-Si module, due to the negative temperature 
response described earlier.  In their conclusion they state that a-Si modules, if installed 
in tropical regions, might be "much more useful" than the crystalline silicon modules.   
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Accurate design methods incorporating such performance variations would enable the 
benefit of the different technologies to be demonstrated by system suppliers to 
customers, rather than suppliers relying on isolated studies. 
 
Amorphous silicon solar cells also have different spectral responses and sensitivities 
compared to their crystalline counterparts.  Akhmad et al. (Akhmad et al., 1997a), show 
that the improved performance in summer of the a-Si modules is due to improved 
current, the improved current being caused by better suited spectral content of summer 
sunlight and thermal recovery.  They conclude that thermal recovery is the dominant 
mechanism. 
 
In contrast to the preceding finding, Merten and Andreu (Merten & Andreu, 1998) have 
concluded that the enhanced efficiency in summer of a-Si modules is mainly a spectral 
effect and that the thermal annealing does not have a significant impact on efficiency.  
In their study they have identified and isolated four seasonal effects that impact on a-Si 
module performance: 
 
1) The reduction in performance due to the elevated operating temperatures. 
2) Thermal annealing. 
3) Spectral content variation. 
4) Irradiance variation. 
They describe a new analytical model that includes a term that quantifies the seasonal 
state of degradation. 
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Nann and Emery, in simulating the spectral effects on PV devices, have stated that the 
efficiencies of a-Si cells differ by 10% between winter and summer and that this is 
because of spectral effects only (Nann & Emery, 1992). 
 
Holley et al. have also found that photo-degradation plays an insignificant role, as they 
have been able to simulate the performance and observe the seasonal variation in output 
of a-Si without taking degradation into account.  However, they note that, for their 
location and climate, the performance is dominated by low-irradiation (low light level) 
losses (Holley et al., 2000). 
 
King et al. at Sandia National Laboratories (King et al., 2001), in a simulated 
comparison of the output of different module types, also highlight the seasonal 
influence on module output of the varying solar spectrum.  Their results make it clear 
the spectral variation over a year has a seasonally opposite effect on p-Si modules than 
on a-Si modules, with improved summer performance of a-Si. 
 
CIS modules are relatively new to the PV market; the Siemens Solar (now Shell solar) 
CIS modules have been commercially available for a short time (Shell Solar, 2002).  
Therefore, only a few studies have investigated the performance of commercial CIS 
modules. Cereghetti et al. have observed that CIS modules exhibit very similar seasonal 
behaviour to that of crystalline silicon (Cereghetti et al., 2001).  Jardine et al., in their 
comparison of the output of several PV arrays of differing technologies have reported 
that a-Si and CIS gave the highest energy returns for peak power.  This is for both their 
test site at Oxford in the UK and the test site at Mallorca, Spain, the latter having the 
same Mediterranean climate as Perth, WA and hence being of particular interest for this Chapter 2: PV Modules and PV Models 
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study.  They noted that a-Si and CIS have good spectral responses to blue wavelengths 
and so operate well under overcast low irradiance conditions (Jardine & Lane, 2003).   
 
Żdanowicz et al. have reported good low light level efficiency values for both a-Si and 
CIS modules (Zdanowicz et al., 2004). 
 
NREL have conducted the most extensive long-term testing of CIS modules and arrays. 
In research and development collaborations with Siemens Solar Industries (SSI), now 
part of Shell Solar, and under various subcontracts, they have reported a steady 
improvement in efficiency of the modules (Gay, 1997; Strand et al., 1996; Tarrant & 
Gay, 1999; 2001).  While good stability has been observed in the long-term outdoor 
performance measurements, transient effects appear to confound STC data measured 
using pulsed solar simulators (Tarrant & Gay, 2001), a characteristic that will be 
investigated in more detail in chapter four.    
2.3.1 Energy  Rating 
Consumers often purchase their PV modules based on a $/Wp comparison.  However, 
this is not a useful measure for making an economically rational choice.  In reality 
consumers want to minimise their $/kWh.  It is not easy to guess at $/kWh with only 
$/kWp information because different technology modules with identical Wp ratings can 
have very different annual kWh outputs – and this may be quite different in different 
climates. 
 
Energy rating, rather than power rating, has been suggested as a better method of 
representing the output of PV arrays.  NREL (Kroposki et al., 1996; Marion et al., 1999) 
have proposed providing estimates of the Wh or Ah output a user can expect from a PV 
module, given a particular type of day.  Starting in 1994 with a review of performance Chapter 2: PV Modules and PV Models 
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evaluation methodologies for energy rating (Kroposki et al., 1994), NREL began a 
process to develop a consensus-based approach to rating PV modules.  The intention 
was that this rating system would address the limitations of the STC power rating 
system and be incorporated into the IEEE P1479 standard, “Recommended Practice for 
the Evaluation of Photovoltaic Module Energy Production” (Marion et al., 1999).  The 
work has resulted in a method of modelling the outdoor I-V curves of different PV 
modules (Marion, 2002). 
 
The module energy rating (MER) system developed was based on work done elsewhere, 
by Anderson ((Anderson, 1995) and referred to in (Kroposki et al., 1996)), consisting of 
10 estimates of how much energy a particular module type and size will produce in a 
series of reference days.  Five different meteorological days were subjectively defined 
as: hot-sunny, cold-sunny, hot-cloudy, cold-cloudy and nice. The two defined loads 
were fixed-voltage battery charging and maximum power point operation.  It was 
proposed that the modules could be labelled with these values, which would prove 
useful to system designers.  Figure 2-2 shows an example of how this energy rating 
might be displayed on the back of a module (Kroposki et al., 1996). 
 
As long as the PV models used to estimate the module output for the particular day were 
accurate, the MER system would provide very useful comparisons of expected energy 
yield for given modules under particular climatic conditions.  Unfortunately, the MER 
system as described above has not been adopted by the PV industry, and PV 
manufacturers still rely on Wp rating at STC, but work is continuing on the 
development of the module energy rating procedure for inclusion in IEEE P1479 (IEEE, 
2004).   
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Figure 2-2 Sample layout for module energy rating (Wh for MPPT operation, and Ah for battery 
charging operation), the numbers given are fictitious, ( after (Kroposki et al., 1996)). 
 
The problems associated with STC ratings are widely acknowledged and there are other 
efforts underway to develop PV energy rating systems.  The IEC Technical Committee 
82 are in the process of developing a standard, IEC 61853, the purpose of which is to 
define a testing and rating system that includes energy rating PV modules for a set of 
predefined ambient conditions (IEC-61853, 2001).  Some groups are using this draft 
standard to perform module characterisation, PV performance monitoring and energy 
rating evaluations (Poissant et al., 2003), while others are developing PV module energy 
rating techniques based on matrix calculations and PV module measurements (Chianese 
et al., 2001; Friesen et al., 2002; Kenny et al., 2002; Kenny et al., 2003)    
 
The work performed in this study provides valuable information about the annual 
energy yield of some different PV technologies at this Perth site, and assists with these 
problems faced by PV consumers and system designers. 
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2.3.2 Performance  Rating 
There are many ways to analyse the performance of PV modules. The system used in 
this study and an increasingly common measure of energy production is the 
performance ratio (PR) (IEA, 2000; IEC-61853, 2001).  It enables the comparison of 
modules of different power ratings, by normalising the energy produced to the 
maximum power at STC of the module and the incident radiation.  Different qualities 
can be examined by using either the rated Wp value (Wp-rated) or the measured (at 
STC) Wp value (Wp-measured) as the normalising factor.  The latter provides a direct 
comparison of different technologies.  The former enables an economic comparison of 
module brands and models, a guide to what may be expected from the different 
manufacturers.  Most designers, installers and users of PV will not have the facilities to 
perform STC measurements, and will be particularly interested, therefore, in the 
performance with respect to the rated maximum power.  The general equation for PR is 
given in Equation 2-1. 
 
             
() () STC STC MAX G P
H E
PR =  
Equation 2-1 
                         
E     = Energy Produced (Watt.hours) in the chosen time interval 
H    = Total Incident radiation (Watt.hours/m
2) in the chosen time interval 
PMAX(STC)  = Maximum Power at STC measured during the chosen time interval, or 
the rated Wp (Watts). 
G(STC)    = Irradiance at STC (Watts/m
2) 
 Chapter 2: PV Modules and PV Models 
 
  19
In the case of the work described here the annual, the monthly and some daily PRs have 
been calculated. Performance ratio is a site-dependent parameter, which, although 
normalised to the total global incident radiation, does not take into account temperature 
or spectral effects.  It does, however, enable a quantitative comparison of different 
technologies for a given climate.  
2.4  Outdoor Testing of PV Modules 
There are many research groups dedicated to the performance testing and 
characterisation of photovoltaics.  The tests performed by these groups range from 
laboratory development and tests of materials and devices, to the monitoring of large 
operational PV plants, which can be either stand-alone or grid-connected systems.   
 
Somewhere, in the middle of this broad range of investigations, are the purpose-built 
facilities for outdoor testing of PV modules. Again, these facilities can involve grid-tied 
systems, where the power conditioning components, as well as the PV components, are 
tested, or individual modules can be tested.   
 
Most of the research groups performing outdoor monitoring of individual PV modules 
are using regular I-V scans to characterise module performance (Akhmad et al., 1997a; 
Ikisawa et al., 2000; King et al., 2001; Rodziewicz et al., 2002; Rummel et al., 1998).  
However, because this study is concerned with the total energy generated by the 
different PV modules, individual maximum power point trackers (MPPTs) are used, 
making it possible to record the energy output continuously while the modules are 
subjected to actual operating conditions.   
 
Keeping the modules under continual load is also important for a-Si modules.  A study 
by Lund et al., (Lund et al., 1999) has shown that the photo-degradation experienced by Chapter 2: PV Modules and PV Models 
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a-Si modules differs depending on whether the module is under load, at short circuit 
conditions or open circuit.  They recommend that, while under illumination, a-Si 
modules should never be in an open circuit condition. 
 
An initial survey of current literature found very few groups using continuously 
measured energy output of various individual modules to compare PV performance.  
The major ones are LEEE in Switzerland and the Photovoltaics Research Group in the 
Department of Physics at the University of Port Elizabeth (UPE) in South Africa.     
However, during this study, other researchers have published results from single module 
energy monitoring, including SolarLab at Wroclaw University of Technology, Poland 
(Zdanowicz et al., 2004) and both del Cueto and Marion at NREL (del Cueto, 2002; 
Marion, 2002). 
 
LEEE are also using MPPTs to monitor and compare all the available energy from each 
module.  They note that their MPPTs have been adapted for the individual module 
power range (Chianese et al., 2001). 
 
The research group at UPE is monitoring the performance of different modules under 
the operating conditions of a battery charging system by operating the modules at a 
regulated voltage of 13 volts rather than at their maximum power points.  The modules 
are connected to a load and battery bank via a voltage regulator, with the load designed 
so the batteries always need charging (Meyer & van Dyk, 2000; van Dyk et al., 1997). 
 
Del Cueto, at NREL, has reported on the performance monitoring of 14 PV modules 
representing a variety of technologies; the results focus on the output normalised to 
module area, a module efficiency figure, but they also include some average PR results Chapter 2: PV Modules and PV Models 
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based on the measured module Wp values.  The data is taken from measurement made 
on the NREL outdoor test facility (OTF), and while the data acquisition system does 
monitor I-V characteristics, it holds the modules at mpp while not performing scans, 
and it is this mpp data that is used in the analysis (del Cueto, 2002).  Marion has also 
used energy values measured from different PV modules and technologies at the OTF at 
NREL, but this data has been used to evaluate output prediction models rather than 
directly comparing the output of the different technologies. 
 
As this study is most similar to the work being conducted at LEEE, the results of the 
two studies form a valuable data set.  The data generated in this study, in the 
Mediterranean climate of Perth, Western Australia, complements the data generated in 
the cooler climate of Switzerland, and could be helpful in determining the role the 
climate plays when choosing between PV technologies.    
 
The Environmental Change Unit at Oxford University in the U.K. has a project, PV-
Compare, that also provides a direct comparison of different technologies, but, unlike 
this study or the study at LEEE, they are not reporting on individual modules monitored 
under identical conditions.  They state that their prime objective is to compare the 
different technologies and as they have a site at Oxford and another site in Majorca, 
Spain, they have the secondary objective, of comparing sites.  Their systems consist of 
grid-connected sub-arrays that have been retrofitted into buildings.  The sub-arrays 
represent 11 different technologies and are approximately 500Wp in size (Jardine et al., 
2001; Jardine & Lane, 2003).    
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2.5  PV Models used in System Design and Simulation Tools 
To help promote and increase the uptake of renewable energy or hybrid systems it is 
essential that systems be sized to suit the application and be reliable.  This is clearly 
more critical in RAPS or stand-alone systems.  However, it is also very important for 
grid-connected systems, enabling more accurate costing and providing an indication of 
both seasonal and time of day output. In sizing the PV component of a system a PV 
model must be capable of predicting the output of a PV module, or array, for a given set 
of meteorological site data and PV specifications (see Figure 2-3).  
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Figure 2-3 PV Sizing Process 
 
There are several methods available for sizing PV.  They range from a basic model 
using monthly average meteorological data to estimate the energy yield, to more 
complex models requiring detailed inputs and employing time series simulations over 
an entire year.  Some reviews of design tools provide a useful overview of what is 
available to PV consumers, comparing the different features and approaches (Photon 
International, 2001; Turcotte et al., 2001).  This study complements and adds to that Chapter 2: PV Modules and PV Models 
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work, by evaluating and comparing the performance of five different PV output 
prediction methods.  
 
When predicting the output of the PV component of an energy system there are two 
basic input sets and one output (see Figure 2-3).  The required inputs are the weather 
(radiation, temperature and in some cases wind speed) and the PV module 
specifications, which are all fed into the 'model'.  The output of the process then predicts 
the energy yield from the PV array.   
 
The above description is an oversimplification of the process involved.  Before the 
actual PV output can be calculated, the Plane of Array (POA) irradiance and PV cell 
temperature must be determined from the general meteorological data.  Various models 
are employed to calculate these values and, again, they range from basic calculations to 
highly detailed and complex models. 
 
Future radiation and temperature values can only be predicted from historical data,   and 
consequently, this will always be a source of uncertainty.  Lorenzo and Narvarte 
(Lorenzo & Narvarte, 2000) have suggested that the differences in radiation prediction 
methods lead to significantly different results when sizing the same PV systems.  They 
conclude that this basic uncertainty can not be overcome by either reducing the time 
step or employing more complex component models.  While they note that array size 
differences larger than 70% can be found when comparing different design methods and 
software tools, they state that a detailed comparison of results of different methods is 
beyond the scope of their paper. 
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However, the detailed comparison undertaken here will quantify the differences 
between some common sizing methods and answer the key question: given all the 
inherent uncertainties, how complex do PV output prediction methods need to be to 
achieve an acceptable level of accuracy? 
 
Lorenzo and Narvarte note that simple rule-of-thumb sizing methods for stand-alone 
systems, most often based on designing for the worst month, "do not give bad results" 
(Lorenzo & Narvarte, 2000).   In this study the PV output prediction model employed 
by the Australian Standard most closely represents a rule-of-thumb method (Standards 
Australia, 2002). 
 
The following sections give an overview of the most common PV models currently in 
use in system design, and which are evaluated in this study.   
2.5.1  Simple Energy Flow Model  
One of the simplest models for predicting PV performance is an energy-flow model 
where the maximum power at STC, PSTC, of the given module is adjusted according to 
average irradiance and temperature values. 
 
A directly proportional relationship between power and irradiance (G) is assumed in 
which the power at STC irradiance, GSTC, (typically 1000W/m
2) is adjusted to account 
for the incident irradiance.  
 
A temperature correction is also applied using the module or cell temperature.  The cell 
temperature is determined using the thermal model employed by the particular 
simulation tool (see Thermal Models, section 2.5.3.1). 
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This PV model is based on the behaviour of crystalline silicon and, therefore, assumes a 
negative temperature response for power.  A temperature coefficient of power, κ, is 
multiplied by the difference between the operating cell temperature and the cell 
temperature at STC.  As the cell or module temperature rises above STC, the maximum 
power of the module drops a proportional amount.  The standard value used for κ is       
-0.5% / °C (Standards Australia, 2002).  This figure is again based on the behaviour of 
single crystal silicon.  Other materials have different temperature coefficients. With a 
negative temperature coefficient the power will improve if the cell temperature falls 
below TSTC.  
 
The power output of the module for the given meteorological conditions can be 
calculated using Equation 2-2. 
() () STC MOD
STC
INC
STC out T T
G
G
P P − + = • κ 1                                                                              
Equation 2-2 
Where:  
Pout   = Module Power Output at Irradiance GINC 
PSTC  = Module Maximum Power at STC 
GINC  = Incident Irradiance 
GSTC  = Irradiance at STC (1000W/m
2) 
κ  =Temperature coefficient of power 
TMOD  = Module or Cell Temperature 
TSTC  = Module or Cell Temperature at STC (25°C) 
 
Soiling and shading losses can also be accounted for with the use of de-rating factors.  
The accuracy of this method varies according to the time interval used in the Chapter 2: PV Modules and PV Models 
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calculations.  In its simplest form a yearly average irradiance value and yearly average 
temperature value could be applied to a given module, but this approach is only 
recommended for a system that is smaller than 1kW and also incorporates a backup 
generator. For a system less than 1kW where no generator is included data for the 
month with the lowest resource availability could be used (Standards Australia, 2002). 
More commonly a monthly time interval is used.  This allows some seasonal variations 
to be illustrated, and it is currently the method suggested in the Australian Standard, AS 
4509.2-2002, for any system larger than 1kW (Standards Australia, 2002). This simple 
model, employing either a yearly or monthly time step, can be easily evaluated using a 
calculator or spreadsheet.   
 
Computer based simulation tools can perform evaluations using much smaller time 
intervals.  Hourly intervals are typical, but smaller intervals are possible given input 
data with an appropriate resolution.   For any time step the module power is calculated 
and multiplied by that time step to determine the energy output. 
2.5.2 One-diode  Solar Cell Model 
A common, but more complex, PV model is based on the one-diode equivalent circuit 
of a solar cell (Figure 2-4).  I, the current to the load, equals IL, the light induced current, 
minus ID, the diode current and Ish, the shunt current. Chapter 2: PV Modules and PV Models 
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Figure 2-4 One Diode equivalent circuit of a Solar Cell (after Duffie and Beckman Figure 23.2.1 
(Duffie & Beckman, 1991)) 
 
At a fixed temperature and solar radiation the I-V curve of this circuit is given by 
Equation 2-3:  
Sh
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− = − − = 1 exp  
Equation 2-3 
Where: 
IL   = photo-generated current  
I0   = diode reverse saturation current  
RS   = Series resistance 
RSh   = Shunt resistance 
a   = curve fitting parameter 
 
The parameters for both this, the one-diode model, and the similarly derived two-diode 
model, described elsewhere (Van Overstraeten & Mertens, 1986), can be found by 
either numerical or analytical methods. Several groups have either investigated or 
developed numerical algorithms to determine the solar cell parameters by fitting Chapter 2: PV Modules and PV Models 
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measured I-V curves (Alonso & Chenlo, 1994; Eikelboom & Reinders, 1997; 
Gottschalg et al., 2001; Gottschalg et al., 1999; Kilfoyle, 1991; Netherlands Energy 
Research Foundation ECN, 1997; Protogeropoulos et al., 1991).  The difficulty in 
obtaining measured I-V curves for commercially available modules, as well as 
employing complex computer algorithms, somewhat restricts these methods to research 
laboratories and those studying fundamental device physics.  
 
However, more applicable to system design tools are the analytical methods where the 
parameters can be derived from the basic data given by PV module manufacturers, or 
other readily available data.  De Blas et al (de Blas et al., 2002) have employed such 
methods to determine the solar cell parameters, and modifications have been applied to 
the solar-cell equation to create explicit and, therefore, even more readily solved 
equations (Hamdy, 1994; Lasnier & Ang, 1990).  Rauschenbach (Rauschenbach, 1980) 
describes several models derived from the one-diode model.  
 
High quality PV devices have very large shunt resistances and so, by making an 
assumption of infinite shunt resistance, the last term in Equation 2-3 can be neglected.  
However, if smaller shunt resistances are evident, by the existence of a pronounced 
negative sloping I-V curve at low voltages, the shunt resistance then does need to be 
considered (Duffie & Beckman, 1991). 
 
The implicit form of the one-diode model is simple to solve using the iterative 
capabilities of computer programs.  Once the current voltage curve at the given 
meteorological conditions is calculated, the maximum power point, or the power at a 
given voltage, can be determined. 
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This model is applicable for any time interval, but is usually used with an hourly or 
smaller time- step. 
2.5.3 Subsidiary  Models 
At the very least, when predicting the output of a PV module, the incident irradiance 
and the cell temperature are required inputs.  However, as it is not possible to know 
these values directly, models are used to approximate these values.   
2.5.3.1  Thermal models 
One of the simplest methods of approximating cell or module temperature is to add a 
uniform number of degrees to an average daily temperature.  It is preferable, if 
available, that the average daily sun-up temperature be used, as that is when PV 
modules are producing energy and it prevents average temperatures being weighted by 
cooler overnight temperatures.  
 
  Another method of determining cell temperature is based on an energy balance 
equation (Equation 2-4), where the thermal capacity of the module is calculated from 
the nominal operating cell temperature or NOCT value at standard operating conditions 
and under no load operation. In its simplest form the model uses ambient temperature 
and irradiance values to estimate the module temperature, whereas more complicated 
models also incorporate the cooling effect of wind by including this in the calculation. 
Duffie and Beckman give the following energy balance equations and methods for 
determining cell temperature from NOCT and standard operating conditions (Duffie & 
Beckman, 1991). 
 
() ( ) a c L T c T T T U G G − + =η τα  
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Where: 
τ   = Transmittance of cell covering  
α =  Absorbed  radiation  fraction on the cell surface 
GT  = Incident radiation level 
ηc  = efficiency of the cell 
UL  = Loss coefficient 
Tc  = Cell temperature 
Ta  = Ambient temperature 
 
Because NOCT is defined for cells operating at no load, the efficiency is set to zero and 
the ratio (τα)/UL can be calculated (Equation 2-5) from the given values of NOCT, 
ambient temperature and irradiance at standard operating conditions.  
 
() ( ) NOCT T NOCT a NOCT c L G T T U , , , − = τα  
Equation 2-5 
                                                        
Assuming (τα)/UL is constant the cell temperature at any other conditions can then be 
calculated from Equation 2-6: 
 
()) ( τα η τα c L T a c U G T T − + = 1 
Equation 2-6 
                  
Although τα is not generally known, an estimate of 0.9 can be used since the term ηc/τα 
is small compared to unity (Duffie & Beckman, 1991). 
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Another widely used thermal model was proposed by Martin Fuentes of Sandia National 
Laboratories (Fuentes, 1987).  The Fuentes model was created for use in PVFORM, a 
photovoltaic system simulation programme developed by Sandia in the 1980s (Fuentes, 
1987).  It was first introduced into PVFORM V3.1  (Sandia National Laboratories, 
1986).  Since then it has been included in many other software packages.   
 
The Fuentes model is an energy balance model, but it uses INOCT the Installed 
Nominal Operating Cell Temperature instead of NOCT.  INOCT takes into account the 
mounting configuration of the module, whereas NOCT is applicable only for open-
circuited, rack- mounted modules.  The PV module is modelled as a single lump of 
material at a uniform temperature.  It receives heat from the sun and loses heat by 
convection to the ambient and by radiation to the sky and ground.  The wind speed at 
module height is used in the calculation of convection coefficients (Fuentes, 1987).   
2.5.3.2  Radiation models 
The PV models described all require plane-of-array (POA) irradiance values as one of 
their inputs.  Either, daily-average values for each month (monthly-average-daily), 
hourly values or values with a smaller time interval are required.  However, the data 
available is usually only global-horizontal-radiation (GHR) and often only as average 
daily values for each month. 
 
To convert GHR to radiation on a sloped surface the diffuse and beam radiation 
components must be determined, and then converted to POA. 
 
Empirical correlations are employed to calculate the diffuse component using the 
horizontal-extraterrestrial-radiation (HER) and clearness indices that can be determined 
from the hourly or average daily GHR.  Both Duffie and Beckman (Duffie & Beckman, Chapter 2: PV Modules and PV Models 
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1991) and Iqbal (Iqbal, 1983) describe several of these correlations in detail, such as 
Orgill & Hollands, Erbs et al and Liu & Jordan.   
 
There are many methods that can be used to calculate the radiation on a tilted surface, 
(see for example (Duffie & Beckman, 1991)).  There are relatively simple isotropic sky 
models that consider beam, diffuse and ground reflected components of radiation, such 
as that of Liu and Jordan, and the improved anisotropic sky models that take into 
account the circumsolar diffuse and/or horizon brightening components of POA 
radiation.  These models include; the Hay and Davies model; Hay, Davies, Klucher, 
Reindl model (HDKR); and the more detailed Perez model (Duffie & Beckman, 1991).  
 
Synthetic radiation data must be generated when a year of hourly radiation values is 
required but only monthly-average-daily radiation values are available. The generated 
year of data must be statistically representative of an average year for that location.  
There are various techniques for the estimation of daily and hourly radiation on a 
horizontal surface from average monthly values (Duffie & Beckman, 1991; Iqbal, 
1983). 
2.6  Summary of Design Methods and Software 
Five PV design methods have been chosen for this study.  They represent a range of 
approaches from the simple methods to the more complex methods discussed above.  
They also incorporate a variety of thermal and radiation models. In the sections below 
are brief descriptions of each of the design methods investigated in this study 
(subsections 1 to 5) and some comments on the meteorological data sources (subsection 
6).  In subsection 7 a summary of these methods, the models they use and the inputs 
required, is presented. Chapter 2: PV Modules and PV Models 
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2.6.1 Australian  Standard  for Stand-Alone PV Design 
The Australian Standard for Stand-alone PV Design employs the simple energy flow 
model described above (2.5.1) and bases the design on monthly-average-daily data 
(Standards Australia, 2002).   
 
As mentioned in section 2.5.1 a system could be sized using the solar radiation for the 
worst month, but due to the general nature of any of the available average data such as 
the Solarex World Design Insolation Map (Williams & Heintz, 1992) (see section 
2.6.6), the standard suggests it only be used for systems under 1kWh/day. 
 
For larger systems the radiation data used should be based on average daily radiation for 
each month.  The standard then recommends the use of an appropriate model to convert 
the more commonly available horizontal irradiance values to plane of array values, 
without recommending any particular model.  In the worked example presented in 
Appendix A of the standard, the Australian Solar Radiation Data Handbook by Lee et 
al. (Lee et al., 1995) has been used as the data source (Standards Australia, 2002).   The 
Australian Solar Radiation Data Handbook provides values of radiation on tilted and 
vertical surfaces, including a tilt angle equal to the latitude.  It uses measured diffuse 
radiation values and then a modified Perez model to calculate the final values (Lee et 
al., 1995). 
 
There are several de-rating factors that can be applied to the PV array output, depending 
on the system used.  These systems can be either fixed-voltage, where the array is 
connected directly to the batteries, or can use a maximum power point tracker. The de-
rating factors include the manufacturers' tolerances and de-rating for soiling. 
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Cell or module temperature is calculated using the simple model, adding a uniform 
25°C to the average ambient sun-up temperatures.  A de-rating is then applied based on 
either a -0.5%/°C temperature coefficient or, if available, a manufacturer’s value for the 
maximum-power temperature coefficient.  
2.6.2  RAPSIM v2.0   
RAPSIM2 (Remote Area Power SIMulator) was developed by Murdoch University 
Energy Research Institute (MUERI).  It was originally produced to evaluate 
diesel/battery systems, but now contains renewable energy components, such as PV and 
wind generators.  It also incorporates other RAPS components and can simulate systems 
using different control strategies.  It performs life-cycle costing.  Version 2.0 was 
released in 1997 (MUERI, 1997). 
 
RAPSIM2 uses the simple energy flow model, and can perform simulations using 4 
different time steps, either 15, 20, 30 or 60 minutes.  The PV model assumes a fixed 
temperature coefficient for power of  -0.5% / °C (Jennings, 1996).   
 
In RAPSIM2 the cell temperature is determined using the Fuentes model where several 
inputs are fixed.  Diffuse radiation is calculated using a modified version of the Orgill 
and Holland correlation and plane-of-array irradiance is calculated using the Hay and 
Davies model (Jennings, 1996). 
2.6.3  Hybrid2 v1.2 and v1.3b 
Hybrid2 is a computer simulation package developed in 1996 in the USA at the 
University of Massachusetts and the National Renewable Energy Laboratory (NREL).  
It is designed to simulate hybrid power systems varying in size from small individual 
household systems to relatively large grids of several megawatts.  Chapter 2: PV Modules and PV Models 
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Hybrid2 can model AC and DC diesel generators as well as AC and DC loads and 
distribution systems.  It has component models for renewable energy generators, such as 
wind turbines and PV modules, and it models battery storage and power-conditioning 
equipment as well (Manwell et al., 1996). 
 
The PV model used in Hybrid2 is the one-diode model, (section 2.5.2).  It also uses the 
energy balance thermal model (section 2.5.3.1), employing an iterative process where 
an estimate of cell efficiency is made, the cell temperature calculated and then the I-V 
curve determined.  The cell efficiency predicted by the I-V curve is then compared to 
the original guess and the whole process is repeated until a convergence on efficiency is 
established (Manwell et al., 1996).  The user manual for Hybrid2 warns the user that as 
the one-diode model does not model all PV module technologies with the same 
accuracy, especially thin film devices, and the power from the module may be in error 
(Baring-Gould, 1996).   The Hybrid2 package alerts the user, with a pop up dialogue 
box, if the module is not well modelled.  The user can also see a graphical comparison 
of the modelled IV curve of the module with the main parameters the user has entered.  
 
Hybrid2 uses the correlation of Erbs et al to calculate the diffuse component of radiation 
(section  2.5.3.2) and then the HDKR model to convert the horizontal irradiance to 
plane-of-array (Manwell et al., 1996). 
2.6.4 PV-DesignPro  v5.0 
PVDP (PV-DesignPro v5.0) is part of the suite of programmes in Solar Design Studio 
v5.0a produced by the Maui Solar Energy Software Corporation (Pelosi, 2001).  It is an 
energy system simulation package that can simulate grid-connected, stand-alone and 
water pumping systems.  As well as photovoltaics it has component models for wind 
turbines, inverters and batteries.  It uses the Sandia Photovoltaic Performance Model Chapter 2: PV Modules and PV Models 
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which incorporates it's own thermal model for calculating cell temperature (King et al., 
1998).  
 
The PV model, developed by researchers at Sandia National Laboratories in the USA, is 
based on the one-diode model.  However, rather than calculating the parameters 
required for the I-V curve calculation based on the manufacturer's figures, Sandia have 
created a data base of more than a hundred different modules.   The data base consists of 
a series of empirically determined constants for each module taking into account angle 
of incidence and spectral effects, as well as temperature coefficients for current and 
voltage at both maximum power and at open circuit and short circuit.  These constants 
are used to provide the input into the model (Pelosi, 2001). 
 
PVDP performs annual simulations on an hourly time base.  It contains a large library of 
climate data files for over 200 US locations and over 300 locations outside the US.  
PVDP also includes the Worldwide Hourly Climate Generator that includes a database 
of 2,132 global locations. It allows the user to synthesise a year of hourly data from a 
set of average daily monthly values contained in the database.  Alternatively, the user 
can create a climate data file, but this must include the horizontal extraterrestrial 
radiation (HER), the diffuse component of radiation (DHR), and, if available, wind 
speed.  The latter is used in the thermal model within the Sandia Photovoltaic 
Performance Model discussed above.  To calculate the POA irradiance the user can 
choose from either the Perez or the HDKR radiation models (Pelosi, 2001).  
2.6.5  SOMES v3.2  
SOMES, or Simulation and Optimisation Model for renewable Energy Systems, was 
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in the Netherlands.  Its development began in 1986, version 3.0 was published as a 
package in 1993 and version 3.2 became available in 1996 (van Dijk, 1996). 
 
SOMES can simulate both battery storage and grid-connected energy systems 
incorporating PV, wind and diesel generators. It has models for inverters, different 
control strategies and economic analysis functions.  Performance is determined using an 
hour-by-hour simulation. 
 
Its PV model is based on the simple model, but instead of having one maximum power 
value for a module, it requires the input of a series of efficiency values as a function of 
irradiance.  These efficiency values are set in 100W/m
2 increments for irradiance values 
from 0 to 1000W/m
2 and must be input by the user, they are not readily available and 
must be sourced from the manufacturers or constructed by the user.  In this study Sandia 
Photovoltaic Performance Model I-V Curve Tracer programme (Pelosi, 2001) has been 
used to generate these values (see section 5.3).  They are recorded as percentages of the 
efficiency for the module at STC.  Then, depending on the irradiance value for the given 
hour, the model selects an efficiency value for the module, using a linear extrapolation 
for irradiance values between those that have been set. This allows for non-linear 
power-irradiance relationships to be simply defined.  However, currently SOMES does 
not allow the efficiency of the module to be higher at a lower light level than the 
efficiency at STC.    Because this kind of relationship has been observed in a-Si 
(Eikelboom & Jansen, 2000) this property of SOMES has been noted as likely to be 
modified if the package is developed further (Betcke, 2002). 
 
SOMES uses the Orgill and Holland correlation to calculate the diffuse component of 
radiation and then the Perez model to convert this to POA.  The user can choose Chapter 2: PV Modules and PV Models 
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between three thermal models for estimating cell temperature; a fixed temperature, the 
energy balance method like that in Hybrid2, or if wind speed data is available, the 
Fuentes model (van der Horst et al., 1992). 
2.6.6  Meteorological Data Sources 
Common to all the energy system design processes discussed is the requirement for 
radiation and temperature data input.  The ideal would be to have hourly data, measured 
on site and over a long period of time to get a statistically valid data set.  Some data 
sets, known as Typical Meteorological Year (TMY) or Test Reference Year (TRY) have 
been constructed for use in a variety of energy system simulations.  These statistically 
valid data sets have been constructed from real monitored data. They contain a year of 
hourly values for meteorological parameters, including ambient temperature, wind 
velocity and solar radiation (Gazela & Mathioulakis, 2001).   The National Solar 
Radiation Data Base provides TMY data for many American locations (NSRDB - 
NREL, 2002).  But, as this information is not available for every conceivable site, 
designers must rely on average data, hopefully, measured nearby.   
 
The Solarex World Design Insolation Map (Williams & Heintz, 1992) provides very 
basic radiation data.  It consists of a world map that is colour-coded, where areas of the 
same colour have essentially equal insolation.  The map gives figures for the average 
daily insolation for the worst month of the year for optimally tilted surfaces.  This map 
is available as part of a PV sizing tool that can be downloaded from the BP Solar web-
site (BP Solar, 1999). 
 
For Australian locations some sources of radiation data include the Australian Solar 
Radiation Data Handbook by Lee et al. (Lee et al., 1995) or the Data Handbook for 
Australian Solar Energy Designers by Roy and Miller (Roy & Miller, 1981).  The latter Chapter 2: PV Modules and PV Models 
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includes average daily sun-up temperatures and the Australian Solar Radiation Data 
Handbook provides radiation data on surfaces sloped at an angle equal to the latitude.  
This particular slope will give the maximum radiation over an entire year, and so is of 
interest to potential users of PV.  However, other tilt angles may be more appropriate 
for a given application due to the nature of the seasonal load profile.  High winter loads 
would be better served by a more vertically tilted array and high summer loads by a 
more horizontally sloped array.   
 
The Solar Thermal Energy Laboratory (STEL) at the University of New South Wales 
has produced some sets of Typical Meteorological Year TMY data for 24 locations in 
Australia (Morrison & Litvak, 1988).  
 
Two sources of world-wide meteorological data are the Surface meteorology and Solar 
Energy Data Set web-site, hosted by NASA (NASA, 2002), or the World Radiation 
Data Centre - Online Archive, jointly run by the Russian Federal Service for 
Hydrometeorology and Environmental Monitoring & National Renewable Energy 
Laboratory (USA), (WRDC, 2002).  
2.6.7  Summary of the Models 
The following table provides a summary of the various design programmes assessed in 
this study.  
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Software 
/Design 
Method 
 
Required Inputs PV  Model Irradiance  Model 
Diffuse 
Tilted 
Thermal Model 
(Time Base)  Irr. Temp.  Wind   
Speed 
PV      
Australian 
Standards 
(Monthly) 
Ave 
Daily 
POA  
PSH 
for each 
month 
Ave 
Daily 
Amb. 
for each 
month 
None Manufacturers’ 
Specs. 
Energy Flow   Chosen by User, 
eg. 
Erbs et al. 
Liu & Jordan 
Module Temp = amb + 25°C 
RAPSIM2 
(15, 20, 30  or 
60 mins) 
GHR 
Ave 
(over 
time 
step) 
Ave 
Amb. 
Ave   
at 10m 
Manufacturers’ 
Specs. 
Energy Flow   Modified Orgill and Holland.  
Hay and Davies 
Fuentes 
PV Design 
Pro 
(Hourly) 
GHR 
HER 
DHR  
Ave  
Ave 
Hourly 
Amb 
Ave  
at 10m 
Internal  SANDIA model - based on the 
one-diode model and empirically 
determined factors. 
User – Erbs et al. 
A choice of HDKR or Perez 
Sandia 
Hybrid2 
(user defined, 
typically 10-
60minutes) 
GHR  
Ave  
 
Ave 
Amb 
None Manufacturers’ 
Specs. 
One diode model  Erbs et al. 
HDKR 
Energy Balance 
SOMES 
(Hourly) 
 
GHR 
Ave  
 
Ave 
Amb 
Ave   Manufacturers’ 
Specs. and 
effs=f(Ginc). 
Modified Energy flow model  Orgill and Holland 
Perez 
 
Fuentes or Energy Balance or Fixed 
Table 2-1 Summary of the design methods assessed in this study 
GHR- Global Horizontal Radiation, DHR- Diffuse Horizontal Radiation, HER – Horizontal Extraterrestrial Radiation, POA-Plane of Array, Amb - Ambient, Tmp – Temperature, 
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3  Module STC Testing and the Outdoor Monitoring System  
This study required thorough, accurate monitoring of the long-term outdoor 
performance of six photovoltaic modules, representing five different technologies.  Each 
module has also been regularly measured under standard test conditions (STC).  In this 
chapter the novel outdoor monitoring system and the STC PV characterisation facility 
are described.  The specially designed maximum power point trackers (MPPTs) are 
described in detail.  The monitoring regime and data collection processes are also 
discussed. 
3.1  STC Photovoltaic Characterisation Facility and STC Module Testing 
The current-voltage and power-voltage characteristics at Standard Test Conditions 
(STC) are measured on site at MUERI using a SPIRE 460 Solar Simulator (Spire 
Corporation, 1996) in a temperature-controlled room and using appropriate reference 
cells calibrated by the Japan Quality Assurance Organisation (JQA).  This solar 
simulator uses pulsed light to illuminate the modules under test.  
 
The sources of uncertainty and their corresponding values for this system are: non-
uniformity of illumination ±3%, reference cell calibration ±2%, repeatability ±1% and 
power measurement ±1%  (Nakano, 2001; Sutherland, 2000).  However the initial set-
up of this system and the test procedures employed in this study have reduced the total 
uncertainty value for this system to ± 4%.  During the commissioning and validation of 
the simulator test results were compared with JQA simulator results to minimise 
uncertainty values.  And subsequently, to ensure the validity and consistency of results 
and test conditions for all the STC measurements made, the modules have always been 
placed in the same position in the simulator thereby reducing any effects from non-
uniform illumination.  Also, a stable single crystalline silicon module is used as a Chapter 3: Module STC Testing and the Outdoor Monitoring System  
 
  42
reference to ensure that there are no major differences in subsequent measuring 
conditions; it is measured with each of the three reference cells. And, as stated above, 
independently calibrated reference cells are used for each measurement. 
   
The three reference cells employed are c-Si, p-Si and a-Si, and they are used, to adjust 
light intensity, when measuring each of the corresponding technology modules.  The c-
Si reference cell is used when measuring the CIS module; this is also done by the 
manufacturers Siemens Solar (Gay, 2000). 
 
On most occasions the tests are performed at night to minimise the loss of any daytime 
monitoring data. The modules are cleaned, taken down from the test rack and placed in 
the temperature-controlled room, which houses the simulator.  They are left until 
reaching the requisite 25 °C, and then tested in the simulator. 
 
The tests were performed at fortnightly intervals, approximately, apart from an 
unavoidable break between the end of April 2001 and the end of July 2001.  The gap in 
STC data collection was due to a breakdown of the air-conditioner in the simulator 
room preventing the required temperature control for STC testing. 
3.2 Overview  of  Outdoor Measurement System  
As discussed in section 2.4, most of the research groups performing outdoor monitoring 
or field measurements of individual PV modules use only regular I-V scans to 
characterise module performance. 
 
In contrast, the system used in this study employs purpose-built maximum power-point 
trackers (MPPTs) on each module under test.  By using MPPTs and recording the 
energy output every second the modules are subjected to actual operating conditions, Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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but without the complications of a large operational array, with all its power-
conditioning equipment.  
 
The individual MPPTs make it possible to hold all the modules at their respective 
maximum power points (MPPs), allowing a direct comparison of their total energy 
output. 
3.3  The Module Maximum Power Point Trackers 
The individual module MPPTs were specially designed and built for this project.  An 
electronic engineering company in Perth was commissioned to design and build a 
prototype.  The MPPT produced was tested extensively by the author and found to need 
a few minor hardware changes and some major software modifications.  The alterations 
made by the author and others at MUERI during this work produced a highly efficient 
and effective device. 
3.3.1 Description of Operation 
The MPPTs hold a PV module at its MPP, tracking this point as it changes with 
variations in irradiance and temperature. The module voltage and current are measured 
as outputs of the MPPT; the voltage is measured across an internal voltage divider that 
nominally divides the output voltage by 10; the current is measured across an internal 
47mohm current shunt.  These mV signals are then read directly by the data logger. 
 
The MPPT used in this work is a microprocessor controlled electronic load using pulse 
width modulation (PWM) to vary the load and, thereby, move up and down the I-V 
curve of a PV module.  The load is provided by a Power MOSFET, and the 
microprocessor is a 12-bit PIC16C773 (Microchip Technology Incorporated, 1999).   Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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(The unit, as initially supplied, used an 8-bit processor that was found to lack the 
required resolution for measurement of the current). 
 
The idea behind the control is that the MPPT first performs a global scan; it scans the I-
V curve from open circuit voltage (VOC) to approximately 40% of VOC.  This value is 
well below the knee of the I-V curve and ensures that the MPPT passes through the 
maximum power point.  The MPPT finds the maximum power point, rewinds to this 
point, and then keeps checking either side of this value to ensure it is still at maximum 
power. 
 
More specifically the tracker performs the steps shown in Figure 3-1. Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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Set PWM to 
50% 
Read 
Voltage
Read 
Current
Do IV Scan 
Find PWM 
of Pmax 
Find  
P1 at PWM - Step 
P2 at PWM 
P3 at PWM + Step 
Pmax = max of P1, P2, 
P3 
Reset PWM to Pmax 
V>Vmin 
A>Amin 
If the difference in P 
values is > a given limit 
then increase step size 
and search 
neighbourhood. 
Wake up routine. 
Checking for current, half way 
down the IV curve, as well as 
voltage to wake up with the 
sunrise. 
 
Using voltage only resulted in 
mppt getting caught on Voc. 
 
 
 
 
 Figure 3-1 Flow chart of MPPT control algorithm. 
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The step-size and dwell-time, or the time the MPPT stays at a given PWM value, are 
important considerations in the make-up of the software.  Early tests of the first MPPT 
determined that, if the step-size was too small, it could be trapped in local maxima.  
However, the step-size needs to be kept to the smallest possible value to ensure the 
module was held as close as possible to the maximum power point.  An optimum step-
size of approximately 60mV was found.   
 
The dwell-time is also important; the MPPT must spend a minimum amount of time at a 
given point before making decisions.  This gives the electronics time to settle and 
ensures that the current and voltage are correctly read. Tests showed that the shortest 
dwell-time allowing accurate measurements to be taken, while minimising idle-time, 
was 400ms. 
3.3.2  Current Shunt and Voltage Divider Calibration 
In this study it was crucial that the MPPTs be regularly and meticulously calibrated to 
ensure that the module power recorded by the data logger was accurate and reliable.  
Calibration checks were performed annually on the voltage dividers and current shunts 
in the MPPTs.   
 
Voltage divider and current shunt calibration factors were determined for each MPPT.  
These values were then included as conversion constants, labelled 'S1-S12', in the 
DT600 Datataker data logger command program (see Appendix B.1).  They are used to 
directly convert the mV signals read by the data logger into module current and voltage 
values.  These values are multiplied together by the program to determine the one-
second power values and averaged over ten minutes, along with all other values 
recorded.  Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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The results of the annual calibrations show the voltage divider values measured year to 
year had standard deviation values less that 0.06% and the largest of the current shunt 
standard deviation values was 0.33%.  The details of the calibration can be found in 
Appendix A, section A.5.1.  
3.3.3  MPPT Efficiency Analysis   
In addition to accurately calibrated MPPTs, it was also essential that the devices were 
tracking efficiently, in order to get accurate reliable data.  Commercial MPPTs typically 
quote conversion efficiencies of around 92%-95% (RVPower Products, 2002; Solar 
Converters Inc., 1997; Kocsmiersky, 2000).  This study needed more efficient MPPTs 
to ensure that any differences observed in the power output of the different modules 
were real phenomena and not the artefacts of inefficient tracking by the MPPTs.  
 
Currently there are no standards in force for the testing of MPPT efficiency.  The 
International Electrochemical Commission (IEC) has a working group, working Group 
3, in the PV Systems Technical Committee 82, engaged in producing a standard 
(Jantsch et al., 1997; Lloyd et al., 2000), a project not yet completed. 
 
The MPPTs continuously move along a module's I-V curve, ensuring they track any 
changes in module output.  Therefore, they can not sit at the exact maximum power 
point continuously.  To enable the modules to be kept as close as possible to the 
modules' maximum power points (MPP) these MPPTs were designed to take small steps 
around the MPP, but not too small, as the module could then be trapped in a local 
maximum.  A thorough and novel test method was developed to determine the 
efficiency of the MPPTs under different meteorological conditions. 
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A calibrated Hewlett Packard E4350B solar array simulator (HP-SAS) was used in 
determining the efficiency of the MPPTs (Figure 3-2).  The HP-SAS is used in its table 
mode.  This mode allows the user to input a table of data for an I-V curve and then 
apply voltage and current offsets to the curve, thus changing the I-V curve and MPP.  
By selecting the correct offsets, and sending them to the HP-SAS an entire day can be 
simulated in real time and the MPPT then used to track the maximum power of the 
simulated module.   
 
 
Personal 
Computer 
IV Curves and 
Offsets 
 
Hewlett Packard Solar 
Array Simulator 
Tracked 
Power  MPPT and 
Electronic 
Load 
Load 
Power 
1 
4
2 
3 
 
Figure 3-2 MPPT efficiency test system. 
 
The IV curve with a known maximum power is sent (1) out and the tracked maximum 
power values at the SAS (4) are read back by the computer.  These values indicate what 
value of maximum power the MPPT tracked to (3). The analysis is done by comparing 
the known maximum power point with the tracked maximum power value. 
Offset files for four different days were developed, which allowed testing of the MPPT 
in different meteorological conditions, covering sunny clear days of winter and spring 
and cloudy days of winter and spring.  These days were chosen, from a limited set of 
small step-size high-resolution data that had been measured on site, to provide the best Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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possible spread of meteorological conditions.  Taking into consideration the read-back 
accuracy of the HP-SAS it was found that, over nearly 80% of an entire day the 
difference in the power measurement is less than 0.3%. The MPPT was found to have a 
tracking efficiency above 98% for all four days tested (See Table 3-1, Section 3.3.3.3 
for test results and appendix A for calibration details). 
 
While there are no test standards, both the IEC working group mentioned (Jantsch et al., 
1997), and other researchers have used, or recommended the use of, solar array 
simulators in testing MPPTs.  Hohm and Ropp, (Hohm & Ropp, 2000), in testing 
different tracking algorithms, describe a test bed using an HP-SAS, in which they vary 
the power output to simulate changing weather conditions.  Their tests differ from those 
described here due to the time scale of the tests.  Where this study examines the 
operation of the MPPT over the whole day, Hohm and Ropp have used approximately 
10 minutes of simulated changing power.  They note that further work will include 
refining the PV equation they have used to encompass all power values attainable by the 
PV array. 
3.3.3.1  I-V curve and offset data generation   
A table, containing 1051 current-voltage pairs, was loaded into the HP-SAS.  Figure 3-3 
shows the I-V curve used and an I-V curve generated for the same module at SOC. The 
curve was created from actual measurements of a 70-Watt poly-crystalline module that 
had been characterised in the STC facility. 
 
As discussed in the previous chapter there are many PV models available to generate I-
V curves from standard PV specifications.  The model chosen for these tests is a 
simplified form of the one-diode model.  An I-V curve generator was created with the 
Microsoft spreadsheet software Excel and using the I-V model equations listed below Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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which are given in Rauschenbach and in Lasnier and Ang (Rauschenbach, 1980; 
Lasnier & Ang, 1990).  The measured points Voc, Isc, Vmp, Imp, Cell Temperature and 
Test Radiation, measured at STC, were loaded into the curve generator to calculate I 
(current) from a range of voltage values, (0 - Voc in steps of 0.2 Volts). 
 
The curve generator uses the following equation to calculate I:  
 
() [] } { () 1 exp 1 2 1 − − = oc sc V C V C I I  
                     Equation 3-1   
Where 
() []( ) [] {} oc mp sc mp V C V I I C 2 1 exp 1 − − =  
Equation 3-2 
and 
() [] () []
1
2 1 ln 1
− − − = sc mp oc I I V V C  
Equation 3-3 
It then uses transformation equations to adjust current and voltage for non-standard cell 
temperature Tc and irradiance G: 
 
() 0
0
1 c c sc new T T
G
G
I I I − + ⎟
⎠
⎞
⎜
⎝
⎛ − + = α  
Equation 3-4 
  
() 0 c c new T T V V − + = β  
Equation 3-5 
 
 
 Chapter 3: Module STC Testing and the Outdoor Monitoring System  
 
  51
Where 
T
Isc
d
d
= α  
Equation 3-6 
and 
dT
d oc V
= β  
Equation 3-7 
Go=1000W/m
2, and α and β are the temperature coefficients for Isc and Voc respectively.  
For the initial I-V curve G and Tc  are based on STC data and so effectively no 
temperature or irradiance transformation takes place. 
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Figure 3-3I-V and P-V (Power-Voltage) curves generated for STC and SOC conditions using 
measured STC data for a 70W, poly-crystalline module. 
 
The current and voltage offset files were created by taking changing irradiance and 
module temperature values and applying the above system of equations to create a new 
I-V curve.  The two sets of curves in Figure 3-3 illustrate this process.  Files containing Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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one-minute average irradiance and module temperature data collected on site were first 
converted to one-second data by a linear interpolation.  The files were selected based on 
the weather conditions they represented and the data available. 
 
The one-second interval irradiance and module temperature files were then loaded into a 
Matlab routine, written by the author, which generated the original I-V curve and the 
new I-V curve based on the irradiance and back-of-module temperature values, for a 
70W p-Si module.  The routine then finds the maximum power point, Vmp and Imp 
and, by comparison with the original I-V curve, calculates the required voltage and 
current offset values.  A full listing of the programme is presented in Appendix B. 
3.3.3.2  Days used in MPPT efficiency analysis 
The following figures show the irradiance and module temperatures for the four days 
that were used to create the data files for the HP- SAS. 
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Figure 3-4 Irradiance and Module temperature for typical PV module on a cloudy-winter day - 
(July 29, 1999) at MUERI. Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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Figure 3-5 Irradiance and Module temperature for typical PV module on a sunny-winter day - 
(July 31, 1999) at MUERI. 
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Figure 3-6 Irradiance and Module temperature for typical PV module on a sunny-spring day - 
(October 3, 1999) at MUERI. 
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Figure 3-7 Irradiance and Module temperature for typical PV module on a cloudy-spring day - 
(October 4, 1999) at MUERI. 
3.3.3.3  Results of MPPT efficiency tests 
To test the algorithm, one of the MPPTs was used in the efficiency tests.  A summary of 
the tests performed is presented in Table 3-1.  The first column indicates the simulated 
day used in the HP-SAS output programme.  The second two columns give the average 
meteorological conditions of the days.  The energy output of the HP-SAS is given in the 
third column; this represents the maximum energy output of the simulated PV module 
for the given day.  The tracked energy output is the total energy that was extracted via 
the MPPT, and the MPPT efficiency value indicates the ability of the MPPT to hold the 
module or, in this case the HP-SAS, at its maximum power point.  The results show a 
minor drop in tracking efficiency on the cloudy days, which is due to the more rapidly 
changing irradiance. In these cases the tracking efficiency of the MPPT is limited by 
how quickly it can respond to the changing conditions. 
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Test  
Simulated 
Date and 
Time 
Peak Sun 
Hours 
Average 
Ambient 
Temp. 
°C 
HP-SAS  
Energy 
Output 
(W.h) 
Tracked 
Energy 
Output 
(W.h) 
MPPT 
Efficiency 
(%) 
Average 
relative  
difference 
(%) 
Cloudy-
winter 
29/07/99  
7:30 - 17:30 
3.82  15.1  233.61  231.13  98.94  1.2 
Sunny-
winter 
31/07/99 
7:30 - 17:30 
6.45  18.2  404.14  404.03  99.97  0.4 
Sunny-
spring 
03/10/99 
6:00 - 18:00 
7.90  23.3  472.96  472.86  99.98  0.2 
Cloudy-
spring 
04/10/99 
6:00 - 18:00 
6.38  20.7  390.85  384.32  98.33  1.8 
Table 3-1 Summary of MPPT efficiency tests performed using the HP Solar Array Simulator. 
 
The following charts show the detailed results of the tests.  The one-second monitored 
data has been converted to one-minute averages, both to reduce the data file size and to 
smooth out the curves.  The charts show the simulated power output and the resulting 
tracked power on the left axis and the absolute difference between these two values for 
each data point on the right hand axis.  
 
Figure 3-8 presents the MPPT efficiency test for the simulated cloudy-winter day of 
29/07/99.  There were 2 out of the 600 data points in the difference series with values 
greater than 5 watts (the maximum value being 6.92 Watts).    Similarly in Figure 3-11, 
showing the results of the MPPT efficiency test for cloudy-spring day of 04/10/99, there 
were 13 out of 720 data points in the difference series with values greater than 5 watts 
(the maximum value being 9.13 Watts).  To enable better clarity in these plots these 
data points have been truncated to 5 Watts. 
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Figure 3-9 presents the MPPT efficiency test for the simulated sunny-winter day of 
31/07/99.  And Figure 3-10 presents the results of the MPPT efficiency test for the 
simulated sunny-spring day of 03/10/99. 
0
20
40
60
80
100
6:00 7:12 8:24 9:36 10:48 12:00 13:12 14:24 15:36 16:48 18:00
Time
P
o
w
e
r
 
(
W
a
t
t
s
)
-5
-4
-3
-2
-1
0
1
2
3
4
5
D
i
f
f
e
r
e
n
c
e
 
(
W
a
t
t
s
)
Simulated Power
Tracked Power
Difference
29/07/99 Mppt test
 
Figure 3-8 MPPT efficiency test for the simulated cloudy-winter day of 29/07/99.  
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Figure 3-9 MPPT efficiency test for the simulated sunny-winter day of 31/07/99.  
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Figure 3-10 MPPT efficiency test for the simulated sunny-spring day of 03/10/99.   
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Figure 3-11 MPPT efficiency test for the simulated cloudy-spring day of 04/10/99.  
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3.4  Outdoor Test Facility Description 
A monitoring system capable of measuring and recording the daily power output of 
different photovoltaic modules and the relevant weather data was designed, built and 
installed by the author at MUERI.  Contractors were hired for the construction of the 
rack, the laying of concrete footings and the connection of mains power. 
 
The system consists of a galvanised iron rack, tilted at 32°, (the latitude of Perth), to 
hold up to six photovoltaic modules.  The mounting struts for the modules are 
adjustable, allowing modules of different sizes to be monitored (see Figure 3-12). 
 
The meteorological sensors are mounted centrally on the rack, except for the 
anemometer which is installed above the control box, about a metre behind the rack.  
This was done to avoid any shadowing of the modules or the pyranometers by the 
anemometer as well as to minimise the blocking of wind by the rack and modules. 
 
 
Figure 3-12 Outdoor PV Monitoring System at MUERI 
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The control box mounted behind the rack contains the six MPPTs, and a Data 
Electronics Australia DT600 Datataker and Channel Expansion Module data logger 
(Data Electronics, 1995b) (see Figure 3-13 and Figure 3-14). 
 
The control box also houses a transformer providing the 12Volts AC required for 
operation of the data logger and MPPTs, together with a small rectifier circuit which 
provides the two cooling fans with their required 12V DC.  
 
 
Figure 3-13 Rear of system, showing control box, anemometer, ambient temperature sensor 
housing and one heat sink. 
 
Mounted on either side of the control box are 600mm lengths of Philips 65D Anodised 
Heat sink extrusion. The electronic load transistors used in the MPPTs are bolted to the 
heat sink from inside the box through slots cut in the sides of the box. The MPPTs are 
rated to 100W and the heat sinks are capable of dissipating 300W each that is 3 modules 
or MPPTs per heat sink. Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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All data lines entering the control box use shielded cables to minimise electrical noise or 
interference. 
 
Figure 3-14 Monitoring System control box showing the six MPPTs, and the Data acquisition 
system  
 
The contents of the control box can be clearly seen in Figure 3-14, including the six 
MPPTs, the DT600 Datataker and Channel Expansion Module, and the transformer.  
Cooling fans are mounted in the floor of the box.  Large 16mm
2 cables entering through 
the bottom of the box bring the module power in.   
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3.4.1 Monitored  Parameters 
3.4.1.1  Meteorological  
Table 3-2 lists the meteorological parameters being monitored and the corresponding 
sensors installed on the outdoor monitoring system. 
Parameter  Instrument and calibration information 
 
   
Irradiance  
(Global POA) 
1 x Kipp & Zonen CM11 Pyranometer. 
 
(Calibrated annually by the Australian Bureau of Meteorology, Melbourne. 
NATA certified. See appendix A1) 
 
Irradiance  
(Global Horizontal) 
1 x Eppley Precision Spectral Pyranometer (PSP) 
 
(Calibrated at MUERI by comparison with a calibrated reference 
pyranometer. See appendix A1.1) 
 
Temperature (Ambient) 
1 x AD592CN Precision IC Temperature Transducer installed inside a 
Vector Instruments T351 Air Temperature Mini-Screen.  
 
(Manufacturers’ calibration and specifications checked by MUERI, using a 
calibrated Platinum Resistance Thermometer. (See Appendix A4)  
(Analog Devices, 1998) (CSIRO National Measurement Laboratory, 2000) 
 
Wind speed 
NRG Systems Type 40 Maximum Anemometer 
 
(Calibrated at MUERI by comparison with an independently calibrated 
reference anemometer See Appendix A2 
(Otech Engineering, 1999) ). 
Table 3-2 The measured meteorological parameters and corresponding instruments being 
employed. 
3.4.1.2  PV output - Maximum Power Point Trackers 
Each module is connected to an individual MPPT (described in detail in section 3.3).  
16mm
2 cable has been used to travel most of the distance between the modules and the 
control box, thus reducing line losses.  Cables of the same length connect each module 
to its MPPT. 
 
The voltage divider and current shunt values have all been determined using a HP 
34970A, and a HP 3457A, both with valid calibration certificates (See section 3.3.2). 
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3.4.1.3  Module temperature   
The back-of-module temperature is measured for each PV module, by using an 
AD592CN Precision IC Temperature Transducer attached to the rear of the module, 
with protective cover over the transducer.  The manufacturer's calibration values and 
device specifications were checked, by the author, using a calibrated Platinum 
Resistance Thermometer (Analog Devices, 1998; CSIRO National Measurement 
Laboratory, 2000), in July 2000 and August 2001. (See Appendix A section A.4). 
 
3.4.1.4  Data acquisition system and monitoring system operation 
The data acquisition system consists of a Data Electronics DT600 Datataker and 
Channel Expansion Module data logger.  The DT600 accuracy specifications are listed 
below in Table 3-3 (Data Electronics, 1995b).  The data acquisition system 
configuration and error estimates are presented in Table 3-4. 
 
Input Type  Range  Resolution  Accuracy ± 
 
DC Voltage 
± 25 mV 
± 250 mV 
± 2500 mV 
1 µV 
10 µV  
100 µV 
0.11% 
0.11% 
0.11% 
DC Current 
± 0.25 mA 
± 2.5 mA 
± 25 mA 
200 nA 
1 µA 
10 µA 
0.21% 
0.21% 
0.21% 
Resistance 
10 Ω 
100 Ω 
500 Ω 
7000 Ω 
0.5 m Ω 
5 m Ω 
50 m Ω 
500 m Ω 
0.20% 
0.10% 
0.20% 
0.30% 
HS Counter  65535  1 count  0.5 counts 
Table 3-3 Dataker DT600 Specifications  Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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Channel  Parameter  Transducer  Error in 
Transducer 
 ± 
Total Error  
Datataker + 
Transducer 
Error ±  
         
1*  Temperature  Module 1   AD592  0.5°C  1.0°C  
1+  Temperature  Module 2  AD592  0.5°C  1.0°C  
1-  Temperature  Module 3  AD592  0.5°C  1.0°C  
2*  Temperature  Module 4  AD592  0.5°C  1.0°C  
2+  Temperature  Module 5  AD592  0.5°C  1.0°C  
2-  Temperature  Module 6  AD592  0.5°C  1.0°C  
3*  Temperature  Ambient  AD592  0.5°C  1.0°C  
5  Voltage   - Module 1  Voltage divider  0.0082 %  0.1182% 
6  Current   - Module 1  Shunt Resistor  0.122 %  0.332% 
8  Irradiance Horizontal  Eppley pyranometer  3.3 %  3.41% 
9  Irradiance POA  Kipp & Zonen 
pyranometer  2.0 %  2.11% 
3HSC  Wind speed  Anemometer  0.066m/s  0.7m/s 
1:1  Voltage   - Module 3  Voltage divider  0.0082 %  0.1182% 
1:2  Current   - Module 3  Shunt Resistor  0.122 %  0.332% 
1:3  Voltage   - Module 2  Voltage divider  0.0082 %  0.1182% 
1:4  Current   - Module 2  Shunt Resistor  0.122 %  0.332% 
1:5  Voltage   - Module 4  Voltage divider  0.0082 %  0.1182% 
1:6  Current   - Module 4  Shunt Resistor  0.122 %  0.332% 
1:7  Voltage   - Module 5  Voltage divider  0.0082 %  0.1182% 
1:8  Current   - Module 5  Shunt Resistor  0.122 %  0.332% 
1:9  Voltage   - Module 6  Voltage divider  0.0082 %  0.1182% 
1:10  Current   - Module 6  Shunt Resistor  0.122 %  0.332% 
Table 3-4 Data acquisition system channel allocation and error estimates. 
3.4.1.5  Monitoring regime and procedures 
The data logger channels were sampled every second with 10-minute averages of each 
value being recorded.  The mathematical functions within the data logger are used to 
calculate the power and wind speed each second, and then record the 10-minute 
averages of these values on a memory card. 
 
A full listing of the command programme installed on the DT600 is presented in 
Appendix B. 
 
Each week modules were washed and data downloaded, unless there had been heavy 
rain and it was observed that the modules were clean.  The pyranometers were cleaned Chapter 3: Module STC Testing and the Outdoor Monitoring System  
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at the same time.  Modules and pyranometers were also washed before STC 
measurements were made. 
3.4.1.6  Data analysis methods 
Microsoft Excel was the principal software package used in collating, processing and 
summarising the data.  Downloaded data went from a Datataker PCMCIA 512KB 
Memory Card into a Microsoft Excel compatible file format (comma-separated values, 
.csv) before being separated into days.  
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4  Results of the Monitoring and Testing Programme 
This chapter details the results of the long term monitoring of the six modules under 
test.  The initial and ongoing STC test results are detailed and they are compared with 
results from other research groups.  A comparison of STC and outdoor results is given 
and discussed. This has particular relevance to the CIS module as it highlights a definite 
discrepancy between performance trends measured outdoors and those measured at 
standard test conditions (STC) using the solar simulator.  The results of the 
meteorological parameters monitored are presented and verified by comparison with 
independently measured results.  Finally the total energy production for the modules is 
compared on an annual and on a monthly basis.  Some more detailed daily and hourly 
comparisons are presented as well and these results are useful to directly compare the 
low light level performance of the different technologies. 
 
The six modules examined in this study were purchased from local suppliers, who have 
no facilities for testing the modules prior to delivery.  The only module that was not 
obtainable locally was the Siemens Solar ST40 CIS module, this was purchased from 
the Singapore branch office of Siemens Solar.  The suppliers were all aware that 
MUERI was the purchaser, but they did not have any detailed knowledge of the tests to 
be performed.  
 
While data collection commenced in July 2000, the complete set of modules was not 
installed until February 2001, therefore the focus of the energy generation part of this 
analysis is on the year from March 2001 to February 2002.   
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4.1  Standard Test Condition Testing of Modules  
The standard test condition tests were performed in the temperature-controlled room 
using the SPIRE 460 solar simulator as described in Chapter 3 section 3.1. 
4.1.1 Stability  of STC conditions 
A single crystalline Sensor Technologies module with a maximum power at STC of 
approximately 10W has been used as a reference throughout the testing period. This 
reference module is permanently housed in the constant temperature room and was 
measured with each of the three calibrated simulator reference cells (c-Si, p-Si and a-Si) 
at the same time as all the other modules were being measured.  This has been done to 
ensure that the testing conditions did not vary significantly from test to test and to 
ensure the validity of the results. 
 
An analysis of the results from the reference module measurements shows excellent 
stability in the testing conditions, with a standard deviation of less than 1% in all cases 
over the entire test period.  A standard uncertainty, or ESDM (Experimental Standard 
Deviation of the Mean), of between 0.13% and 0.19% was calculated using Equation 
4-1 (Cook, 1999),  
 
N
s
ESDM =
 
Equation 4-1 
Where: 
s   = Standard Deviation 
N  = Number of measurements 
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Table 4-1 gives the range and uncertainty of the reference module measurements. 
Figure 4-1 shows the raw measurement data from all the tests. 
Property  c-Si reference 
cell 
a-Si reference 
cell 
p-Si reference 
cell 
 
Mean  8.89 W  9.56 W  8.55 W 
Standard Deviation  0.059 W  0.071 W  0.082 W 
Standard Deviation %  0.66%  0.74%  0.96% 
ESDM   0.012 W  0.014 W  0.017 W 
ESDM %  0.13%  0.15%  0.19% 
Maximum Value  8.99 W  9.70 W  8.67 W 
Minimum Value  8.79 W  9.44 W  8.32 W 
Number of measurements  25  24  24 
Table 4-1 Statistics of Reference Module Measurements at STC using the different reference cells 
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Figure 4-1 Reference module STC measurements using c-Si, a-Si and p-Si reference cells over the 
entire duration of the project. (The dotted lines are the average values over the total test period) 
4.1.2  STC Test Results 
Table 4-2 gives the manufacturers' rated Wp for each module purchased for this project, 
the manufacturers' initial guaranteed minimum Wp (IGM) or tolerance, the initial Wp 
values measured prior to any outdoor exposure and the final Wp value measured at the 
end of the test period.  Table 4-2 also presents the number of months of outdoor 
exposure experienced by each module and the percentage differences between the initial Chapter 4: Results of the Monitoring and Testing Programme  
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and final Wp measurements and the difference between the final Wp value and the rated 
output.   
 
Module Make 
Model # 
Cell 
Type 
Wp, 
Rated 
(W) 
Wp, 
IGM 
(W) 
Wp, 
Initial 
(W) 
Wp 
Final 
(W) 
Exposure 
(mnths) 
Diff. 
Initial 
to 
Final 
% 
Diff. 
Final 
to 
Rated 
% 
Solarex SX-75 
  p-Si  75  70  76.4  75.3  16  -1.4  0.4 
BP 
BP275 
 
c-Si  75  70  81.6  78.7  16  -3.6  4.9 
*Uni-Solar 
US-64 
 
3j, 
a-Si  64  57.6  75.3  56.4  16 + 312 
PSH*  -25.1  -11.9 
BP 
BP585 
 
c-Si, 
LGBC  85  80  86.7  86.1  13  -0.7  1.24 
Siemens ST40 
  CIS  40  36  40.1  32.1  19  -20.0  -19.7 
Photowatt 
PW750/70 
 
p-Si  70  65  68.6  65.9  19  -3.9  -5.8 
Table 4-2 STC results before and after outdoor exposure. 
* Prior to being installed on the monitoring system, the Uni-Solar US-64 module underwent photo-
degradation outdoors while being left in the open circuit condition. The module was tested regularly and 
included in the monitoring system once it had degraded to approx. 64Watts. This occurred after an 
outdoor exposure of 312 Peak Sun Hours. 
 
As the photovoltaics industry has become more established module warranty periods 
have steadily increased.  Some limited warranty periods are now up to 25 years.   
Mostly, modules are guaranteed to perform to a percentage of the initial guaranteed 
minimum power and occasionally to a percentage of the rated power.  Table 4-3 
provides a summary of the warranties for the modules used in this work and, if they 
have changed, shows the warranties currently available for these modules. 
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Module 
Make Model 
# 
Warranty applicable to modules in this 
study 
 
Warranty currently offered for new 
modules 
(If different from previous column)  
 
Solarex  
SX-75 
20 Year Limited Warranty Of 80% Power 
Output (IGM) 
10 Year Limited Warranty Of 90% Power 
Output (IGM) 
 
 
BP 
BP275 
20 Year Limited Warranty Of 80% Power 
Output (IGM) 
10 Year Limited Warranty Of 90% Power 
Output (IGM) 
 
 
Uni-Solar 
US-64 
20 Year Limited Warranty Of 80% Power 
Output (Rated) 
 
 
BP 
BP585 
20 Year Limited Warranty Of 80% Power 
Output (IGM) 
10 Year Limited Warranty Of 90% Power 
Output (IGM) 
 
25 Year Limited Warranty Of 80% Power 
Output (IGM) 
12 Year Limited Warranty Of 90% Power 
Output (IGM) 
Siemens  
ST40 
5 Year Limited Warranty Of 90% Power 
Output (IGM) 
 
10 Year Limited Warranty Of 90% Power 
Output (IGM) 
Photowatt 
PW750/70 
25 Year Limited Warranty Of 80% Power 
Output (IGM) 
 
 
Table 4-3 Module Warranties. 
4.1.3  Initial STC Test Results  
The initial (prior to outdoor exposure) STC measurements of all the modules were 
within the IGM values given by the manufacturers.  Of the crystalline silicon 
technologies (c-Si and p-Si) SX-75(p-Si) and BP585(LGBC, c-Si) have initial Wp 
values that are marginally above their ratings, 1.9% and 2.0% respectively.  BP275(c-
Si) is 8.8% over its rated value and, when the manufacturer's tolerances are considered, 
could have been sold as an 80 or even 85 Watt module rather than a 75 Watt one.  The 
p-Si module PW750/70 is approximately 2% below its rated value.  Only one out of 4 of 
the crystalline technologies tested had a Wp value below its rated value. 
 
The a-Si module, US-64, has an initial measured Wp value at STC that is nearly 18% 
over the rated 64Watts.  This is an un-degraded quantity and so is only a guide to the Chapter 4: Results of the Monitoring and Testing Programme  
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module's ultimate performance where an expected photo-degradation of 15% is given 
by the manufacturers (USSC, 1998).   
 
Finally ST40, the CIS module, has an initial Wp value which is essentially equal to its 
rated value.  However, there are suggestions by LEEE, as well as Siemens Solar 
Industries and NREL, that simulator testing using pulsed light does not give reliable 
results when testing copper indium diselenide (Tarrant & Gay, 1999; Cereghetti et al., 
2001).  As very similar long-term results were seen in this study, this is investigated in 
more detail and reported in section 4.2.  
 
The results of these initial tests do not concur with those obtained by LEEE: in three 
studies combined they have reported that 26 out of 28 crystalline technology modules 
were below their rated values.  The two modules above the rated values were less than 
1.5% above and the overall average for the measured peak powers was 9.4% below 
rated value. Some modules had initial maximum power values below the guaranteed 
values given by the manufacturers (Cereghetti et al., 2000; Cereghetti et al., 2001).  Van 
Dyk et al (van Dyk & Meyer, 2000) have also reported initial STC values below rated 
values: in a report containing initial STC tests of 7 crystalline technology modules, all 
but one is below its rated value with the overall average Wp measurement being 5.4% 
below the rated value. 
 
As the tests reported here are of a much smaller sample it is not unreasonable to 
conclude that this could be the reason for the difference.  However, in the course of this 
work other new modules were bought for separate projects at MUERI.  These were also 
tested in the simulator prior to outdoor exposure. Table 4-4 gives a summary of the 
initial STC test results of these additional modules.  These results are also more positive Chapter 4: Results of the Monitoring and Testing Programme  
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than those reported by LEEE, with only 2 out of the 11 modules below rated values and 
those no more than 4% below their rated values.   
 
Module Make Model #  Cell Type  Wp, 
Rated 
(W) 
Wp, 
IGM 
(W) 
Wp, 
Initial 
(W) 
Diff. 
initial to 
Rated % 
 
Sharp NE-H120 
(grid-connect) 
300091 
p-Si  120  108  117.1  - 2.4 
Sharp NE-H120 
(grid-connect) 
300634 
p-Si  120  108  115.2  - 4.0 
BP 275 (lab)  c-Si  75  70  81.4  + 8.5 
BP 585 (display) 
  C289541 
c-Si, 
LGBC  85  80  86.0  + 1.2 
  C289543  "  85  80  85.2  + 0.3 
  C289719  "  85  80  86.1  + 1.3 
  C290926  "  85  80  86.2  + 1.4 
  C290928  "  85  80  85.8  + 0.9 
  C290932  "  85  80  86.9  + 2.3 
  C290933  "  85  80  86.3  + 1.6 
  C311547  "  85  80  86.8  + 2.1 
Table 4-4 Initial STC tests of new modules from other MUERI projects. 
 
What can be concluded from all these initial tests is that PV modules can vary greatly in 
their maximum power values at STC, and that the variation is not confined to specific 
technologies, brands or models.  Table 4-5 illustrates this by comparing the initial tests 
of modules of the same model, or at least of the same manufacturer and same cell type, 
done here and at LEEE (Cereghetti et al., 2000; Chianese et al., 2001; LEEE, 2000).   
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Cell 
Type 
Module 
Make Model 
# 
MUERI  
Difference Between 
initial Wp to Rated 
Wp  
% 
 
Module Make 
Model # 
LEEE  
Difference Between 
initial Wp to Rated 
Wp  
% 
 
p-Si 
Solarex 
SX75 
 
 
+ 1.8 
Solarex 
MSX60 
MSX83 
 
- 4.5 
- 5.1 
 
c-Si   BP275 
+ 9.0 
+ 8.5 
 
BP275  - 7.7 
c-Si, 
LGBC 
BP585 
Average of 
eight 
modules* 
+ 2.0 
 
+ 1.4 
 
BP585 
BP580 
- 0.5 
+ 1.4 
CIS  Siemens 
ST40 
 
+ 0.3 
 
Siemens 
ST40  +1.1 
p-Si 
Photowatt 
PW750/70 
 
 
 
- 2.0 
Photowatt 
PWX500 
PWX500 
PW1000 
 
+ 6.3 
- 13.6 
- 7.1 
Table 4-5 Comparison of MUERI and LEEE tests of like modules.  *See Table 4-4 
4.1.4  STC Power after Outdoor Exposure 
Figure 4-2 presents all the STC measurements over the course of this study. After the 
outdoor exposure the modules' Wp values, when allowing for the 4% simulator 
measurement uncertainty, are all still within the manufacturers' guaranteed values, due 
in part to the large tolerances given in the warranties.  All modules have experienced 
some losses in the maximum power from the initial Wp values measured prior to 
outdoor exposure.  The gap in STC data collection discussed in the previous chapter can 
be seen during April, May and June, with US-64(3j, a-Si) the only module to change 
substantially in that time period. 
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Figure 4-2 STC Maximum Power for different modules. (Note: all simulator values have a ± 4% 
uncertainty) 
 
In the case of SX-75(p-Si), BP585(LGBC, c-Si) and PW750/70(p-Si) the drops in Wp 
value in the first three months of exposure are 1.5%, 1.7% and 0.8% respectively, which 
are all within experimental error. However BP275(c-Si) had a larger drop when first 
exposed, which amounted to 4% in the first two weeks.  Figure 4-2 shows that, while 
BP275(c-Si) did experience this initial drop in power, it has been very stable since, as 
have BP585(LGBC, c-Si) and SX-75(p-Si).  PW750/50 was very stable in the first year, 
but has shown a slight decrease in the final 5 months.  
 
LEEE and ECN have noted similar drops in STC maximum power after initial outdoor 
exposure for crystalline technologies.  As was observed with BP275(c-Si) LEEE have 
reported initial degrading of crystalline technologies and, after further investigation, 
concluded that this occurs during the first few hours of exposure and is in the region of 
3%.  They state that some modules do not experience this degrading and that this may 
be due to the modules having been exposed to sunlight prior to purchase. In the first Chapter 4: Results of the Monitoring and Testing Programme  
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three months of testing 10 out of 13 crystalline modules had experienced a drop in 
maximum power at STC, the magnitude of the drops ranged from 0.1% to 9.4% and the 
average across all 13 modules was a drop of 2.5% (Cereghetti et al., 2001).   
 
In evaluating a smaller number of modules ECN have reported on STC values measured 
before and after five months of outdoor exposure.  While not publishing the actual 
measured Wp values, they have reported the relative drop in Wp value at STC over the 
time.  They measured an average decrease of 1.9% for 5 crystalline modules 
(Eikelboom & Jansen, 2000). 
 
The new a-Si module US-64 and the CIS module ST40 have both experienced more 
sustained and unexpectedly large decreases in Wp value.  This is examined in more 
detail in section 4.1.4.1. 
 
Over the entire test period ST40(CIS) has experienced a drop in maximum power at 
STC of 20%.  The final Wp value of 32.1Watts is 89.2% of IGM which is below the 
90% of IGM guaranteed by the manufacturer.  However, the uncertainty of 4% 
attributed to the solar simulator measurements make this a borderline result and it would 
not be possible to claim it as a warranty case.  Also, as mentioned earlier, there is the 
possibility of problems with solar simulator testing, using pulsed light, of CIS modules.  
This is investigated by comparison with outdoor performance trends and reported in 
section 4.2.  Both LEEE and ECN have reported similar substantial drops in maximum 
power at STC for the CIS modules. In the first three months of outdoor exposure LEEE 
measured a 7.8% decrease in maximum power for their CIS ST40 (38Wp-rated) 
module.  The module maximum power at STC dropped from 38.4W to 35.4W.  A 
further 7.3% drop in the next 12 months resulted in a Wp value of 32.8W after a total of Chapter 4: Results of the Monitoring and Testing Programme  
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15 months exposure (Cereghetti et al., 2001).  ECN, in 5 months outdoors, measured a 
9.9% decrease in maximum power at STC for a CIS module (Eikelboom & Jansen, 
2000). 
 
The a-Si module US-64 dropped over 25% at STC.  At the end of the study the module 
had a maximum power at STC 12% below its rated value.  It continued to degrade for 
more than a year, with the degradation process turning around (due to thermal 
annealing) in the warmer weather of December 2001. This prolonged degradation was 
unexpected.  It is usual for light-induced degradation of a-Si modules to occur in the 
first weeks or months of outdoor exposure after which the modules will become stable.  
This is confirmed by published results, for example (Akhmad et al., 1997a; Lund et al., 
2001).  The manufacturers also state that the degradation will occur in the initial 8 to 10 
weeks of outdoor exposure (USSC, 1998).   
 
Figure 4-2 also includes a module labelled UN-2. This is another Unisolar US-64 triple 
junction a-Si module purchased in 1997 for an earlier separate project and included in 
this work until all the new modules had been delivered. As expected from an older a-Si 
module, which has been in the field for some time, UN-2(3j, a-Si) is no longer 
experiencing any sharp photo-degradation.  Instead, it is showing a fairly stable 
maximum power rating with some underlying cycling of maximum power values as the 
photo-degradation and thermal annealing takes place.   
 
There is a very large difference in maximum power for the two a-Si modules.  After 
more than four years of outdoor exposure UN-2 has a Wp value at STC of 67.8W, 6% 
above Wp-rated, and as stated above, after 19 months US-64 is 12% below its rated 
value.  These modules have different dates of manufacture, 1997 and 1999.  They are Chapter 4: Results of the Monitoring and Testing Programme  
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also very different in appearance; the older module is a dull brown colour.  The newer 
one is quite reflective and blue. This colour difference could be responsible for some 
differences in the output of the modules, but further tests, such as spectral response and 
reflection measurements would be needed to confirm this.  
 
Communications with the manufacturer of the US-64 module were unable to identify 
any cause or reason for the lower than expected performance.  
 
This module behaviour is not unique.  LEEE have experienced and reported a similar 
result for two US-64(3j, a-Si) modules.  The manufacturer requested the return of one of 
the modules to determine the cause of the low Wp value.  The module was tested by the 
manufacturer and found to have a Wp value of 52.1 Watts, or 18.6% below its rated 
value. LEEE subsequently received another module from the manufacturers and found 
that, when stabilised, it produced 25% more energy than the earlier module (Cereghetti 
et al., 2000).    
 
This inconsistency in power output poses difficulties for users wishing to reliably 
predict or model the PV output.  And in the case of this study it also presents problems 
when evaluating different PV output prediction tools (see section 5.5). 
4.1.4.1  Wp decreases in ST40 and US-64 
Because of the unexpectedly large drop in Wp value at STC of the two modules, ST40 
and US-64, a more detailed examination has been conducted on their STC simulator test 
results, as these measurements have been taken at very similar conditions in the 
simulator throughout the test period.  This has been done in an attempt to determine the 
cause of the reduction. 
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Table 4-6 presents the results of this examination.  All the parameters were plotted 
against time and a least squares fit applied to the resulting plot.  The equation of the line 
was then used to calculate the average % change in the parameter over the time of the 
study for each module.  The time period used for this was the time that the module was 
installed on the test system; for the ST40 module this was 19 months and for the US-64 
module this was 16 months.  The quality of the series and shunt resistance values 
measured by the solar simulator is uncertain.  However, the trend in all parameters is 
consistent.  
Parameter  ST40  US-64 
  % change  R
2  % change  R
2 
Pmax  -18.2  0.79  -13.0  0.87 
Voc  -1.9  0.61  -2.4  0.69 
Vmp  -13.5  0.68  -7.9  0.78 
Isc  -0.5  0.19  -3.2  0.80 
Imp  -5.3  0.42  -5.5  0.84 
FF  -16.0  0.81  -7.8  0.87 
RS  78.7  0.84  24.2  0.85 
RSH  -33.0  0.66  -4.3  0.32 
Table 4-6 The percentage change in STC parameter values over time for ST40 and US64. 
(R
2 is the square of the Pearson product moment correlation coefficient and can be interpreted as the 
proportion of the variance in y attributable to the variance in x (Microsoft, 1997).) 
 
While the two modules are thin film devices a general bulk crystalline silicon model for 
solar cells with series and shunt resistances has been used to help get a broad 
understanding of the results in Table 4-6 (Green, 1992).  As discussed by Green (Green, 
1992), there are many loss mechanisms in solar cells.  These include Isc losses, mainly 
caused by the optical properties of the cell and by re-combination in the surface and in 
the bulk, Voc losses, which are mainly due to re-combination in the depletion region, and 
fill factor, FF, losses, which are due to both re-combination and to the parasitic series, 
RS, and shunt, RSH resistances.  Increasing RS and decreasing RSH result in a reduced FF.  
It is illustrated by Green that an increased series resistance decreases the slope of the I-
V curve at currents below the knee of the curve, and hence reduces the Vmp, and that a Chapter 4: Results of the Monitoring and Testing Programme  
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reduced shunt resistance increases the slope of the I-V curve at currents above the knee, 
thereby reducing the Imp (Green, 1992).    
 
Table 4-6 shows that the ST40 module has very little decrease in either Voc or Isc.  
However, the FF and consequently the Imp and Vmp do show significant decreases.  The 
largest effect is in the Vmp  and this is attributable to the considerable increase in series 
resistance RS.  The decrease in Imp is attributable to the decrease in RSH. 
 
The US-64 module shows larger decreases in Isc and Voc, that the ST40 module, but 
again the main source of power decrease is in the FF losses.  The results in Table 4-6 
show that an increased series resistance is contributing more to losses than the small 
decrease in shunt resistance. 
 
It is beyond the scope of this study to investigate the source of these changes in series 
and shunt resistances.   
4.2  Comparison of STC and Outdoor Results 
In this section a comparison is made between the STC results and trends and those 
measured outdoors.  Previously it was noted that the STC results of the CIS did not 
necessarily follow the same trend outdoors and that, therefore, the STC results for the 
CIS module might be considered unreliable.  STC tests also showed a prolonged decline 
in output of the US-64(3j, a-Si) module.   
 
Two different indicators of outdoor performance have been used to provide this 
comparison.  The first indicator is the monthly module efficiency, which is a figure that 
has not been adjusted for temperature and so still has a strong seasonal variation.  The 
second indicator, a normalised and temperature corrected power value, comes from Chapter 4: Results of the Monitoring and Testing Programme  
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deriving a month by month figure of maximum module power at 1000W/m
2 and a back-
of-module temperature of 22°C (22°C has been chosen as it represents a cell 
temperature close to 25°C). This provides a simple, but reasonable, approximation of 
standard test conditions outdoors. 
4.2.1  Derivation and Results of Outdoor Performance Indicators 
4.2.1.1  Monthly Efficiency 
 
The values of monthly efficiency (Figure 4-3) have been calculated as the ratio of total 
energy output by the module to the total solar energy incident on the module and are 
given by Equation 4-2. 
 
A m H
m E
m ∗
= η  
Equation 4-2 
           
                         
ηm  = Monthly Module Efficiency 
Em  = Total Energy Produced (Watt.hours) in the given month 
Hm  = Total Incident Radiation (Watt.hours/m
2) in the given month 
A     = Module Area (m
2) Chapter 4: Results of the Monitoring and Testing Programme  
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Figure 4-3 Monthly Outdoor Module Efficiency (based on total module area) 
 
Figure 4-3 shows the monthly module efficiency for all the modules under test, 
including the older a-Si module UN-2.  All the crystalline modules and the CIS module 
show a clear improvement in efficiency during winter, which is expected and is due 
mainly to the lower ambient temperatures.   
 
The chart also shows that the efficiencies of BP585(LGBC, c-Si), BP275(c-Si) and SX-
75(p-Si) are stable when comparing the two sets of summer results.   
 
The trend noted in the STC results of the p-Si module PW750/70 is mirrored here in 
these outdoor results, with the efficiency showing a small, but discernible, decline.   
 
ST40, the CIS module shows, a more pronounced decline in efficiency, but this 
decrease is not as large as that seen in the STC results.  
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The two a-Si modules exhibit quite different behaviours, with the older module showing 
a more stable and a much higher efficiency than US-64(3j, a-Si). The results for US-
64(3j, a-Si) are similar to those seen in the STC results, with the continued decline in 
performance and a slight improvement at the end. 
4.2.1.2  Normalised and Temperature-Corrected Module Power 
This second indicator is based on the method used and described by Strand et al. (Strand 
et al., 1996).  To examine the long-term performance of a Siemens Solar CIS module 
they corrected the outdoor performance data to a reference temperature of 25°C by 
calculating temperature coefficients for the module.  Their data, taken from current 
versus voltage (I-V) curves made outdoors, is restricted to plane of array (POA) 
irradiances between 950-1050 W/m
2.  The maximum power values are then normalised 
to 1000W/m
2, assuming a linear dependence, and plotted against back-of-module 
temperature.   
 
In this study the 10-minute average maximum power values have been used to calculate 
TCs.  The data has also been restricted to average irradiance values between 950-
1050W/m
2, and the power values normalised to 1000W/m
2.  A linear regression of 
normalised power versus back-of-module temperature is used to calculate a maximum 
power temperature coefficient for each module.  The equation of the line was used to 
calculate a maximum power value at 22°C.  The maximum power temperature 
coefficient is calculated by dividing the slope of the curve by the maximum power 
value.  The value of 22°C has been chosen instead of the 25°C used in the NREL study.  
It was assumed, that for the given modules and range of irradiances, the cell temperature 
would be approximately 3°C above the back-of-module temperature.  This assumption 
is based on the thermal model used in the Sandia PV performance model (King et al., 
1998), and the empirically determined constants used by that model and given in their Chapter 4: Results of the Monitoring and Testing Programme  
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database of PV module performance (Sandia National Laboratories, 2002).  Choosing 
22°C as the back-of-module reference temperature brings the cell temperature closer to 
25°C and, therefore, closer to STC.  This approach is used throughout this work where 
module temperatures are presented or analysed. 
 
As an example of the process Figure 4-4 shows the normalised module maximum power 
versus the back-of-module temperature for the SX-75 poly-crystalline module, for 
March 2001.  The plot presents the results of the linear regression giving a maximum 
module power of 71.09 Watts at a back-of-module temperature of 22°C and a maximum 
power temperature coefficient of -0.45%/°C.  The equation of the line has an R
2 value 
of 0.97 indicating a good correlation of maximum power with temperature. (R
2 is the 
square of the Pearson product moment correlation coefficient and can be interpreted as 
the proportion of the variance in y attributable to the variance in x (Microsoft, 1997).) 
 
y = -0.3162x + 78.042
R
2 = 0.9722
0
10
20
30
40
50
60
70
80
0 1 02 03 04 05 06 07 08 0
Back of Module Temperature (°C) 
N
o
r
m
a
l
i
s
e
d
 
P
o
w
e
r
 
(
W
)
Normalised Module power (W)
Linear (Normalised Module power (W))
Pmax @ 22 °C = 71.09 W
Slope of line/Pmax = - 0.3162/71.09 = -0.00445
Percent Pmax change per °C = - 0.45
 
Figure 4-4 SX-75(p-Si) Normalised Power versus back-of-module temperature (March 2001).  Chapter 4: Results of the Monitoring and Testing Programme  
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The maximum power temperature coefficient, calculated for this month, of -0.45%/°C is 
in agreement with figures quoted by the manufacturers (BP Solar, 2001). 
 
This procedure has been applied to each module for each month of its outdoor exposure 
(Figure 4-6).  Most of the results found an R
2 value of above 0.9.  This, however, was 
not the case with either of the Unisolar amorphous silicon modules.  UN-2(3j, a-Si) had 
R
2 figures above 0.5, but, for US-64(3j, a-Si), the correlation between maximum power 
and temperature was very poor for the irradiances under consideration.   
 
Figure 4-5 highlights this phenomenon.  The normalised module power versus back-of-
module temperature is presented for both of these modules for the month of November 
2000.  Immediately apparent is the difference in power output from the modules, which 
has been mentioned before.  These modules are the same technology, but as different in 
outdoor performance as shown in their STC results.  The second difference to be seen in 
Figure 4-5 is in the spread of data points, leading to the low correlation result for US-
64(3j, a-Si) , where R
2 = 0.18 and a reasonable correlation of R
2 = 0.75 for UN-2(3j, a-
Si) .  Finally, the temperature coefficients that have been calculated for these modules 
are quite different, which is obvious from the difference in the slope of their respective 
trend lines.  The maximum power temperature coefficient for UN-2(3j, a-Si) was 
calculated to be -0.22%/°C, which agrees with the manufacturer's figure.  However, the 
maximum power coefficient of -0.07%/°C calculated for US-64(3j, a-Si) is very low 
and does not agree with other published results (Bekaert ECD Solar Systems, 2001). Chapter 4: Results of the Monitoring and Testing Programme  
 
  84
US64
y = -0.0445x + 60.654
R
2 = 0.1761
UN-2
y = -0.1469x + 70.954
R
2 = 0.7445
40
45
50
55
60
65
70
0 1 02 03 04 05 06 07 0
Back of Module Temperature (°C)
N
o
r
m
a
l
i
s
e
d
 
P
o
w
e
r
 
(
W
)
US-64 Normalised Module Power (W)
UN-2 Normalised Module Power (W)
Linear (US-64 Normalised Module Power (W))
Linear (UN-2 Normalised Module Power (W))
 
Figure 4-5 UN-2 and US-64 (Unisolar triple junction amorphous silicon modules) Normalised 
Power versus back-of-module temperature (November 2000) 
 
Table 4-7 presents the average calculated temperature coefficients for each of the 
modules as well as the temperature coefficients assigned by the manufacturers.  Only 
the temperature coefficient calculated for PW750/70 is in good agreement with the 
value given by the manufacturers.  It is possible that some, unaccounted for spectral 
effects have contributed to the variation in the temperature coefficients calculated for 
each month.  However the variations, for all the modules, are within a range of 
0.11%/°C over the year under test.  The largest deviation from manufacturers’ figures, 
for these temperature coefficients, occurs for the ST40(CIS) module.  There are a great 
variety of published values of temperature coefficient of power for CIS, ranging from  
-0.2%°C down to -0.8%°C (Tarrant & Gay, 1999; Kreutzmann, 2001; Strand et al., 
1996; Nann & Emery, 1992).  The effect of temperature coefficient (TC) variations on 
energy output predictions is discussed in chapter 5. 
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Module   Cell 
Type 
Average 
Calculated 
Tcoeff. of Power 
%/°C 
Manufacturer’s 
Tcoeff. of Power 
%/°C 
Reference 
SX-75 
  p-Si  -0.42  -0.50  (BP Solar, 2001) 
BP275 
  c-Si  -0.40  -0.50  (BP Solar, 2002a) 
US-64  3j, 
a-Si  -0.05  -0.21 
(Bekaert ECD 
Solar Systems, 
2001) 
BP585  c-Si, 
LGBC  -0.36  -0.50  (BP Solar, 2002b) 
ST40 
  CIS  -0.30  -0.60  (Shell Solar, 
2002) 
PW750/70 
  p-Si  -0.42  -0.44  (Desserrières, 
2000) 
Table 4-7 Calculated and Published Module Temperature Coefficients of Power 
 
Figure 4-6 shows the calculated (outdoor) maximum module power at 1000W/m
2 and 
back-of-module temperature of 22°C for each module under test.  This result confirms 
and illustrates even more clearly the stability of SX-75(p-Si), BP275(c-Si), 
BP585(LGBC, c-Si) and the slight drop in performance in the final few months of 
testing of PW750/70(p-Si). 
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Figure 4-6 Calculated Module Maximum Power at 1000W/m2 and back-of-module temperature of 
22°C  
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Figure 4-6 also shows the trend in the behaviour of both UN-2(3j, a-Si) and US-64(3j, 
a-Si) that was seen in the STC tests.  And, finally, the results for the CIS module show a 
decline in performance over time, but this drop is not as large as that seen in the STC 
tests.   
 
In comparing the STC results in Figure 4-2 with the results above in Figure 4-6 it can be 
seen that ST40(CIS) has gone from just over 40W in both tests, when first installed 
outdoors, dropping to around 32W at STC, but only dropping to 36.6W on the outdoor 
test bed. 
 
Tarrant and Gay reported greater stability of CIS modules outdoors than when being 
tested using a pulsed solar simulator. They have reported on tests showing that both the 
voltage bias history and light bias history of the modules can cause transient effects, 
which, in turn, confound the results of measurements using pulsed solar simulators 
(Tarrant & Gay, 1999; 2001).  The results obtained here show similar effects and 
support those findings. 
4.3  Outdoor Energy Generation Monitoring and Comparison Methods 
The outdoor testing of the modules has taken place over a period of 19 months.   
However, it was not until the final 12 months of this study that all six of the test 
modules were delivered, installed on the system and able to be monitored. Chapter 4: Results of the Monitoring and Testing Programme  
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Module 
Make Model 
# 
Cell 
Type 
Wp, 
Rated 
(W) 
Wp  
(March 01) 
(W) 
Wp  
(March 
02) 
(W) 
Variation 
over 12 
months  
% 
 
Solarex  
SX-75  p-Si  75  75.8  75.3  -0.6 
BP 
BP275  c-Si  75  78.6  78.7  0.1 
Uni-Solar 
US-64 
3j, 
a-Si  64  59.7  56.4  -5.6 
BP 
BP585 
c-Si, 
LGBC  85  85.9  86.1  0.2 
Siemens  
ST40  CIS  40  34.2  32.1  -6.2 
Photowatt 
PW750/70  p-Si  70  67.4  65.9  -2.3 
Table 4-8 STC results at beginning and end of test year and % variation in Wp over the year. 
 
Table 4-8 provides a summary of the STC Wp values for the six test modules at the 
beginning and end of the year being examined in the annual energy production 
comparison of the modules.   
4.3.1  Verification of Meteorological Data Set 
One of the key considerations in the development of the monitoring system was that the 
data obtained was accurate and reliable.  Chapter 3 and Appendix A have highlighted 
the rigorous approach taken in assuring the reliability of the data.  The following 
comparisons of the global horizontal irradiance and ambient temperature measured on 
the system with the same values measured independently serve to confirm the reliability 
of the meteorological measurements made using the monitoring system. 
 
The four meteorological parameters measured on the monitoring system are Global 
Horizontal Radiation (GHR), Plane of Array (POA) radiation, ambient temperature and 
wind speed. 
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The meteorological parameters measured in this study contain values for 358 out of 365 
days (of the final test year), giving a data set that is over 98% complete. The missing 
days of data were due to the system being shut down for maintenance and calibration 
checks, changing pyranometers, or power failures. 
4.3.1.1  Radiation data set 
The measured GHR has been compared to the same data measured by the Climate 
Impacts group at the Agriculture Department of Western Australia (AGWA).  AGWA 
have over 40 automatic weather monitoring stations installed across Western Australia.  
Long-term data from these sites is available from their web-site (Agriculture WA, 
2002).  The AGWA stations use DT50 Datataker data loggers, LI200S Li-Cor 
pyranometers and Platinum PT100 RTD resistance thermometers. Sensor performance 
is monitored by AGWA and, when required, the pyranometers are checked against an 
Eppley reference instrument.  If they are found to have drifted they are sent away for 
refurbishment and re-calibration (Hanson, 2002).  
 
Figure 4-7 shows the comparison between the measured data and that taken from the 
AGWA database for their station at Medina.  The two closest stations to the MUERI site 
are Floreat Park and Medina, both being approximately 17 km from MUERI.  Medina, 
which is south of MUERI, has been chosen for comparison as it has the more complete 
data set of the two stations. 
 
This comparison of Peak Sun Hours (PSH) clearly shows that there are no major errors 
in the collected radiation data set. 
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Figure 4-7 Average Daily PSH measure at MUERI and at Medina. 
4.3.1.2  Temperature data set 
Figure 4-8 gives a comparison of average monthly maximum and average monthly 
minimum ambient temperatures measured by the monitoring system and those 
published by the Bureau of Meteorology (BoM) via its Perth Monthly Weather 
Summary - Weather by Fax service (Bureau of Meteorology - Perth, 2001 - 2002).     
The MUERI data set is based on ten-minute average values while the BoM data is based 
on instantaneous measurements. There is some difficulty with the comparison as the 
BoM temperature data is from another site approximately 16km away from the MUERI 
site.  However, the fact that the maximum temperatures at MUERI are consistently 
higher than the BoM values, while the minimum temperatures are in excellent 
agreement would indicate there may be some problem with the commercially produced 
mini-screen that has been used to house the MUERI temperature sensor. As the problem 
is only apparent in the daylight hours, it would be safe to assume that it is a radiative 
effect and that the mini-screen may be producing a small heating effect.  However, as 
temperature is a second order effect in PV energy output predictions and the differences Chapter 4: Results of the Monitoring and Testing Programme  
 
  90
in the average maximum temperatures are very small, between 0.4°C and 2.1°C this 
discrepancy is not considered in the simulation work presented in Chapter 5. 
0
10
20
30
40
50
M
a
r
-
0
1
A
p
r
-
0
1
M
a
y
-
0
1
J
u
n
-
0
1
J
u
l
-
0
1
A
u
g
-
0
1
S
e
p
-
0
1
O
c
t
-
0
1
N
o
v
-
0
1
D
e
c
-
0
1
J
a
n
-
0
2
F
e
b
-
0
2
A
m
b
i
e
n
t
 
T
e
m
p
e
r
a
t
u
r
e
 
(
d
e
g
.
 
C
)
MUERI Mean Tmax BOM Mean Tmax
MUERI Mean Tmin BOM Mean Tmin
 
Figure 4-8 Monthly average maximum and average minimum ambient temperature values 
measured on site at MUERI and by the Bureau of Meteorology in Perth.  
 
The wind data has not been compared because wind speeds are even more site-
dependent than temperature and will vary considerably from one site to another, 
depending on the terrain, the proximity to the coast, local hills or buildings. 
 
A comparison of the measured meteorological data with TMY data is presented in 
Appendix C section C.1. 
4.3.2  Outdoor Module Energy Generation Comparison  
The performance ratio (PR), described in detail in chapter 2, has been used in this work 
to compare the energy yield of the different modules.  The PR with respect to the rated 
power of the module (PR (Wp-rated)) provides a comparison of what might be expected 
from different manufacturers, while the PR with respect to the measured maximum Chapter 4: Results of the Monitoring and Testing Programme  
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power (at STC) of the module (PR (Wp-measured)) gives a direct comparison of the 
properties of the different technologies. 
4.4  Module Temperature Measurement Results 
The measured average-daily module and ambient sun-up temperatures, for each month 
of monitoring, are shown in Figure 4-9.  As was done and explained in section 4.2.1.2, 
the cell or module temperatures are assumed to be 3ºC above the measured back-of-
module temperature. These average module temperatures are between 8°C and 13°C 
above the monthly-average-daily sun-up ambient temperatures measured over the year.  
This result has implications for the Australian Standard design method and is discussed 
in more detail in section 5.6.1.  However, it should be noted that these values are 
tempered by the cooler morning temperatures, where the modules may have lower 
temperatures than the ambient conditions. It is the case that in the middle of the day, 
when most energy is generated by PV modules, module temperatures are between 14°C 
and 23°C above ambient.  
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Figure 4-9 Cell (Back –of-module + 3 °C) and ambient temperature measurements Chapter 4: Results of the Monitoring and Testing Programme  
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4.5  Annual Energy Production Comparison 
The annual energy generation performances of the six modules under test are presented 
in Figure 4-10. The chart includes both the PR calculated using the rated maximum 
power for each module (PR (Wp-rated)) and the PR calculated using the measured 
maximum power for each module (PR (Wp-measured)).  In the latter instance the 
measured value has been taken as the average of the Wp values measured in the solar 
simulator at the beginning and at the end of the test year.  The PR (Wp-measured), as 
described above, is an accepted practice and used by LEEE, (Chianese et al., 2000).  
While PR values based on the initial measured Wp values may be used to highlight 
problems associated with module rating they have not been used in this study. The 
initial measured Wp values of the modules have not been used as the modules had 
already been installed on the monitoring system for several months prior to the 
collection of this year of data.  In some cases initial Wp values have been seen to 
degrade significantly when first installed (see Figure 4-2) and so this would make using 
an initial Wp figure quite misleading.  
 
The CIS module, ST40, result of 1.06 can not be taken as reliable.  This quantity has 
been calculated using the STC measurements and, as mentioned in the previous 
sections, there are known problems associated with large area pulsed solar simulator 
(lapss) measurements of CIS.  The detailed comparison of outdoor performance given in 
section 4.2 showed that, while the performance of ST40(CIS) has degraded in the 19 
months of outdoor deployment, it is not to the extent implied by the STC results.  For 
this reason a PR (Wp-outdoors) has been calculated using the appropriate outdoor Wp 
values (at close to STC) which were displayed earlier in Figure 4-6.  The result is a PR 
of 0.94 and is included Figure 4-10. 
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Figure 4-10 Annual Performance Ratio for each module, based on both rated and measured Wp 
values.  Taken from data for the year from March 2001 to February 2002. 
Looking at the annual PR (Wp-rated), the modules SX-75(p-Si), BP275(c-Si), 
BP585(LGBC, c-Si) and ST40(CIS) have values between 0.87 and 0.88 and have 
performed better than US-64(3j, a-Si) and PW750/70(p-Si), with values of 0.84.  This 
difference represents a production of 4.5% less energy, for their given rating, for the 
modules with the lower PR. 
But the technology comparison of PR (Wp-measured), shows better performance from 
the thin film modules; ST40(CIS) (Wp-outdoors) as the best at 0.94, US-64(3j, a-Si) 
next at 0.92, and the others being between 0.84 and 0.89. 
 
Both SX-75(p-Si) and BP585(LGBC, c-Si) have very stable Wp values at STC: and out 
of all the modules their STC values are the closest to their rated Wp values, and so there 
is no appreciable difference between their two PR values. 
 
BP275(c-Si) also has a stable measured Wp value, however it is around 5% higher than 
rated value, which explains why the PR (Wp-rated) is higher than the PR (Wp-Chapter 4: Results of the Monitoring and Testing Programme  
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measured). It can be concluded that, as a technology, BP275(c-Si) produces 
approximately 5% less energy than SX-75(p-Si) and BP585(LGBC, c-Si) for the given 
site conditions.  It is interesting to note that these modules display different 
performances in spite of the fact that they all use forms of crystalline silicon.   
 
PW750/70(p-Si) has a PR (Wp-measured) of 0.89, and like BP275(c-Si) the difference 
in the two PRs is due to the difference between Wp-measured and Wp-rated values.  
However, in this case the PW750/70(p-Si) module has an STC Wp value below its 
rating.  On a technology basis it appears that PW750/70(p-Si) performs better than the 
other technologies.  However, PW750/70(p-Si) has not been as stable at STC as the 
three modules already discussed, so a firm conclusion is not possible. 
This is also true of US-64(3j, a-Si); the technology based PR (Wp-measured) clearly 
shows a much better performance than the others, but with its Wp, at STC, dropping 
5.6% over the 12 month period, again, it is difficult to draw any firm conclusions.   
 
LEEE have reported similar annual PR (Wp-rated) values for CIS and LGBC, c-Si 
technology modules, indicating a consistency in performance based on PR (Wp-rated) 
values for these technologies (Chianese et al., 2000; Cereghetti et al., 2001). In their 
annual PR (Wp-measured) results, LEEE have reported a US-64(3j, a-Si). module with 
the same PR (Wp-measured) value as recorded here (Chianese et al., 2000).  
 
LEEE results for other modules which are the same or similar technologies to those in 
this study have much lower PRs, both for Wp-rated and Wp-measured (Chianese et al., 
2000; Cereghetti et al., 2001).   
 Chapter 4: Results of the Monitoring and Testing Programme  
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The Environmental Change Institute at Oxford University, has reported that the thin 
film CIS modules have outperformed the others in both the UK and Spain, the latter of 
having the same Mediterranean climate as Perth, their results are based on the rated Wp 
values. They have also recorded excellent results for double junction a-Si modules 
(Jardine et al., 2001; Jardine & Lane, 2003).  Interestingly these results for the modules 
in Spain are different to the results recorded in Perth despite the similar climate. It is 
possible that this is a result of the Perth thin-film modules having a generally poorer 
performance or the fact that all the modules under test in Spain are part of separate 
arrays rather than individual module, or, finally that there is some other factor that is not 
immediately apparent. 
4.6  Monthly Energy Production Comparison 
To help determine seasonal trends in this study the monthly PR for each module has 
been examined.  The total energy generated by the module under outdoor operating 
conditions has been measured and then both types of PR have been calculated.  In the 
case of the PR (Wp-measured), the Wp values used were those measured as close as 
possible to the middle of the month in question.  As US-64(3j, a-Si) continued to 
degrade during the months in which no STC data was obtainable, Wp values were 
extrapolated from the available data.   
 
Figure 4-11 presents the average daily POA Peak Sun Hours and average daily ambient 
temperatures (sun-up) experienced by the modules under test, while Figure 4-12 and 
Figure 4-14 display the two types of PR values described.  In this instance all available 
values are included, rather than just the months involved in the annual analysis of the 
previous section.  The additional months provide valuable data on seasonal effects. Chapter 4: Results of the Monitoring and Testing Programme  
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Figure 4-11 The Average Daily Plane of Array Peak Sun Hours (PSH) and Average Daily Ambient 
Sun-Up Temperatures measured on the MUERI monitoring system. 
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Figure 4-12 Monthly Performance Ratio, normalised to rated Wp values. 
 
Figure 4-12 shows the monthly PR based on the rated Wp values of the modules.  The 
strong seasonal variation is apparent in the performance of the crystalline modules, as it 
is in the CIS module.  This is similar to what was observed in the monthly efficiency Chapter 4: Results of the Monitoring and Testing Programme  
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curves (see Figure 4-3) and to the results published by Cereghetti et al (Cereghetti et al., 
2001).  The clear improvement in the cooler months is apparent, when ambient 
temperatures and hence cell temperatures are lower. 
 
It is not possible to see clearly seasonal effects on US-64(3j, a-Si) as the module was 
not stable and continued to degrade, as previously discussed.  This continued 
degradation tends to mask any other effects. 
 
However, what can be seen is that UN-2(3j, a-Si) performs better than any other module 
in this comparison, including its a-Si counterpart US-64(3j, a-Si).  One factor 
contributing to this high PR is the higher than rated Wp value of the module.  For the 
six months that the UN-2(3j, a-Si) module was on the system its PR remained fairly 
constant, in contrast to the falling PR seen in US-64(3j, a-Si). 
 
Figure 4-12 shows that, when first installed, the CIS module ST40 performed well 
above its 0.88 annual average seen in the final year.  The plot makes it clear that, while 
ST40(CIS) outperformed the crystalline silicon modules in the first summer, it ended up 
with a PR similar to BP275(c-Si), BP585(LGBC, c-Si) and SX-75(p-Si) by late 2001.  
 
While PW750/70(p-Si) followed the same trends as the other crystalline based modules, 
it did have the lowest PR.  Like the annual energy production, this can be explained by 
the fact that it has a lower Wp value than its rated value. 
 
Another way to analyse these results is to use one of the modules as a baseline and 
normalise the other results to that module.  Figure 4-13 shows this, using SX-75(p-Si) 
as a baseline, with its PR set to 1.  The main reasons for choosing SX-75(p-Si) were that Chapter 4: Results of the Monitoring and Testing Programme  
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its measured Wp was very close to its rated value and that it was the most stable at STC 
of all the test modules.  Furthermore, it represents a very widely used PV module type.  
Figure 4-13 starts in October 2001, as SX-75(p-Si) was not installed until then. 
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Figure 4-13 Normalised Monthly Performance Ratio (baseline SX-75(p-Si)) (Wp-rated) 
 
From Figure 4-13 it can be seen that BP275(c-Si) and BP585(LGBC, c-Si) performed 
slightly better than SX-75(p-Si).  PW750/70(p-Si) produced between one and three 
percent less energy than SX-75(p-Si).  And ST40(CIS) started out producing as much as 
six percent more energy than SX-75(p-Si), but over time this reduced to being very 
similar to the two c-Si modules.   
 
UN-2(3j, a-Si) produces up to 20% more energy than SX-75(p-Si) and BP275(c-Si).  
While US-64(3j, a-Si) started out producing more energy than all but UN-2(3j, a-Si), its 
deterioration, coupled with the improved winter performance of SX-75(p-Si), saw it 
produce only 91% of the energy produced by SX-75(p-Si) in mid-winter 2001. Chapter 4: Results of the Monitoring and Testing Programme  
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However, with the summer induced decline in performance of SX-75(p-Si) and 
improvement of US-64(3j, a-Si), the two eventually produced the same energy, for their 
given ratings, in February 2002.  This indicates that, even while US-64(3j, a-Si) has 
performed well below expectations, its summer performance is comparable to that of 
the crystalline modules. 
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Figure 4-14 Monthly Performance Ratio, normalised to regularly measured STC peak power.  
 
Figure 4-14 uses the PR based on the measured module output at STC and provides a 
more direct comparison of the different behaviour due to material properties.  Again the 
seasonal variation in performance of the crystalline technologies is apparent.  As in the 
annual energy comparison an extra set of data points has been included for ST40(CIS).  
These have been calculated using the monthly outdoor Wp values. 
 
It is immediately apparent, when examining Figure 4-14, that all four crystalline 
technology modules have PRs lower than those of the thin film modules.  BP275, a 
standard c-Si module, has the lowest PR of all the modules under test. Chapter 4: Results of the Monitoring and Testing Programme  
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The other three crystalline silicon-based modules perform between two and six percent 
above BP275(c-Si), with PW750/70(p-Si) having the highest PR of all the crystalline 
modules. 
 
UN-2(3j, a-Si) has a performance ratio about 18% higher than BP275(c-Si).  US-64(3j, 
a-Si) has a PR that compares far more favourably with UN-2(3j, a-Si) than it did when 
the rated Wp was used to calculate the PR.  Removing the effect of photo-degradation 
by using these measured values reveals that US-64(3j, a-Si)'s performance varies very 
little seasonally.  
 
The PR for ST40(CIS), calculated with the solar simulator Wp values, is again an 
unreliable quantity. The PR calculated using the maximum power values measured 
outdoors is a better indicator of the technology's performance when compared to the 
other modules.  It shows a seasonal variation, as do the crystalline modules, but not as 
pronounced, and it has a performance ratio very similar to US-64(3j, a-Si), with some 
seasonal crossing over in which ST40(CIS) is better in winter and worse in summer than 
the a-Si module.  This could be attributed to its higher temperature coefficient. 
 
As a counter point to PRs, the monthly efficiency of each module, defined in 4.2.1.1, 
and shown in Figure 4-3 can be a relevant consideration when space for modules is 
limited.  The superior module in this analysis is the LGBC c-Si module BP585, with 
efficiency values between 11.5% and 12.5%.  Next is the c-Si module BP275, with 
values between 10% and 11%.  The two p-Si and the CIS modules have midrange 
efficiencies between 8% and 9.5%. The lowest efficiencies are seen in the a-Si modules; 
UN-2 is better than US-64(3j, a-Si), but their efficiencies are less than or equal to half 
that of BP585(LGBC, c-Si).  Chapter 4: Results of the Monitoring and Testing Programme  
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4.7  Daily and Hourly Performance Ratio and Low Light Conditions 
The following sections compare the daily and hourly performance of the modules in 
sunny and cloudy conditions.  A set of days has been chosen to represent sunny and 
cloudy days for all seasons, as well as late summer.  All the PRs used in this section are 
based on the Wp-measured values (Wp-outdoor in the case of ST40 (CIS)), and so 
provide a direct comparison of the technologies. 
4.7.1  Daily Performance Ratios  
Date  PSH  C/
S 
Ave 
Temp 
SX-75  BP275  US-64  BP585  ST40  PW75
0/70 
 
UN-2 
 
Summer 2001               
6/01/01  5.9  C  27.2  0.84  0.81  0.96   
  0.91  0.85  0.97 
9/01/01  7.2  S  27.4  0.85  0.82  0.96   
  0.92  0.86  0.97 
Late summer 2001             
16/01/01  4.3  C  31.6  0.84  0.81  0.97  0.85  0.91  0.86   
 
9/02/01  8.0  S  28.1  0.83  0.80  0.93  0.83  0.91  0.85   
 
Autumn 2001           
20/04/01  7.0  S  24.1  0.88  0.85  0.94  0.88  0.95  0.90   
 
25/04/01  2.9  C  19.0  0.91  0.88  1.00  0.94  0.97  0.93   
 
Winter 2001           
11/07/01  2.1  C  15.1  0.91  0.89  0.97  0.95  0.96  0.92   
 
18/07/01  6.0  S  15.9  0.91  0.89  0.93  0.91  0.97  0.93   
 
Spring 2001         
8/10/01  2.5  C  18.7  0.87  0.85  0.98  0.93  0.95  0.89   
 
16/10/01  7.9  S  16.9  0.87  0.84  0.92  0.87  0.95  0.88   
 
Summer 2002       
5/01/02  4.9  C  30.9  0.83  0.82  0.99  0.87  0.93  0.88   
 
20/01/02  8.0  S  25.7  0.83  0.81  0.94  0.84  0.91  0.85   
 
Late summer 2002         
23/01/02  4.6  C  27.0  0.85  0.82  0.97  0.87  0.92  0.87   
 
11/02/02  7.9  S  32.0  0.80  0.78  0.93  0.81  0.89  0.82   
 
Table 4-9 Daily Performance Ratios (Wp-measured) for selected sunny and cloudy days (S/C) 
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Table 4-9 lists the Daily PR (Wp-measured) values for all the modules for each of the 
selected days.  The PSH and average ambient temperatures are included for comparison. 
 
The PR values from Table 4-9 are displayed in Figure 4-15 and in Figure 4-16.  The 
most obvious features are the high PRs for both triple junction a-Si modules, and for the 
CIS module.  In summer this is due to higher operating temperatures and the lower 
temperature coefficients of power attributable to the thin film devices. 
 
Another trend is that BP585(LGBC, c-Si) and US-64(a-Si) both show a greater 
improvement in their low light level response compared to the other modules.   
Generally the PR is better in the cloudy conditions for all the modules, but this is very 
small and in some instances can be explained by lower temperatures, particularly for 
Autumn 2001 (April  20
th & 25
th 2001), Summer 2002 (January 5
th & 20
th 2002)  and 
Late Summer 2002 (January 23
rd & February 11
th 2002) .  However when examining the 
result for Late Summer 2001 (January 6
th & 9
th 2001) & , Winter 2001 (July 11
th & 18
th 
2001) and Spring 2001 (October 8
th & 16
th 2001), where there is little difference in the 
average daily temperature between the two conditions,  it can be seen that while the 
daily PRs for SX-75(p-Si), BP275(c-Si), ST40(CIS) and PW750/70(p-Si) do not differ 
greatly between the sunny and the cloudy day the BP585(LGBC, c-Si) and US-64(a-Si) 
have much improved PR in the cloudy conditions. Chapter 4: Results of the Monitoring and Testing Programme  
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Figure 4-15 Daily Performance Ratios (Wp-measured) for each module. 
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Figure 4-16 Daily Performance Ratios (Wp-measured) for each module. 
4.7.2  Hourly Performance Ratios and Low Light Level Performance 
Figure 4-17 and Figure 4-18 present hourly PR (Wp-measured) for each module for 
both of the spring days discussed in section 4.7.1. Chapter 4: Results of the Monitoring and Testing Programme  
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In the sunny spring day (Figure 4-17) BP585(LGBC, c-Si) and US-64(a-Si) show a 
marginally better low light level PR at the beginning and end of the day.  However in 
the middle of the day US-64(a-Si) and ST40(CIS) have distinctly higher performance 
ratios which can be explained in part by higher temperatures having a greater effect on 
the other modules. 
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Figure 4-17 Hourly Performance Ratios (Wp-measured) for each module on a Sunny Spring day.  
The thin film modules clearly outperform the crystalline technologies in the heat of the day. 
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Figure 4-18 Hourly Performance Ratios (Wp-measured) for each module on a Cloudy Spring day.  
US-64 and BP585 both have improved PRs in the cloudy low light level conditions. 
 
Figure 4-18 shows that the low light level response of BP585(LGBC, c-Si) and US-
64(a-Si) is much higher in the cloudy conditions than in the sunny conditions, and 
BP585(LGBC, c-Si) has a PR and performance trend that follows the two thin film 
modules in the middle of the day.  In terms of the a-Si, similar results under cloudy 
conditions have been reported elsewhere, and are explained by amorphous silicon’s 
better response to the higher blue spectral content of the diffuse cloudy light (Jardine et 
al., 2001; Rodziewicz et al., 2001).   The higher performance of the LGBC module can 
also be explained by an improved blue response, which is a result of the fundamental 
device properties of the technology (Green, 1995). 
4.8  Conclusions and implications for system design 
These tests have shown that the STC values quoted by manufacturers for their PV 
modules do not necessarily match those observed in STC measurements.  So far the 
measured maximum power values have remained within the values guaranteed by the Chapter 4: Results of the Monitoring and Testing Programme  
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manufacturers, despite a very steep decline in maximum power after outdoor exposure 
for some modules. This result has been aided by the large tolerances that manufacturers 
of some technologies have specified. 
 
The conclusions that can be drawn from the energy generation results are that, if all the 
modules had been stable and had Wp values equal to their ratings, the thin film modules 
would generate the most energy at this site.  The triple junction a-Si modules produce 
over 15% more energy than BP275(c-Si) does in summer, and around 8% more in 
winter.  The CIS module consistently produces between 9% and 13% more energy than 
BP275(c-Si). 
 
However, not all modules were stable or had Wp values equal to their rated values.  
Despite being within the tolerances set down by the manufacturers some of the modules 
are far from their rated Wp values, and as noted, when looking at their performance 
based on their rated values, there is little to separate the crystalline and CIS modules 
from each other.  The two a-Si modules are so different from each other that, based on 
these results, it is not possible to make any prediction of what could be expected from 
this type of module.  Although you could predict that there may be some very 
disappointed consumers. 
 
The low light level response of the modules has been examined, with the main result 
being that BP585(LGBC, c-Si) and US-64(3j, a-Si) have improved low-light level 
responses in cloudy conditions compared to the other technologies.  When examined on 
a daily basis, the thin film modules have again produced the most energy with respect to 
their measured Wp values. Chapter 4: Results of the Monitoring and Testing Programme  
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The results of this monitoring study have effectively illustrated the inability of STC Wp 
ratings to provide a realistic comparison of the expected energy generation of different 
modules, even within the same technology.  Not only is there an uncertainty inherent in 
the Wp rating, due to the manufacturer’s tolerances, but there is also a quantifiable 
difference in energy output between the technologies. 
 
These results support the need for some form of energy rating system for PV modules 
discussed in section 2.3.1.  Such a system should ensure consumers are able to make 
informed choices when purchasing PV modules, and won’t have to purchase modules 
based solely on the $/Wp-rated system.  
 Chapter 5: Evaluation of PV performance prediction techniques  
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5  Evaluation of PV performance prediction techniques 
5.1 Introduction 
As outlined in chapter 2, there are many different techniques for predicting the output of 
PV modules or arrays.  As well as the different PV models there are various component 
models for estimating the solar radiation on the tilted surface of a PV array and the 
temperature of a PV cell inside a module. 
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Figure 5-1 PV Performance Prediction Process 
 
Figure 5-1, repeated from chapter 2, shows the process involved in estimating the 
energy output of the PV component of an energy system.  It shows what the general 
user of a sizing tool would see, as well as the internal workings of the process.  A 
general user would be concerned with only the required inputs and the final PV energy 
output.  The internal processes would not be of particular interest. In contrast, to 
understand any major differences in results between PV sizing tools, the internal 
processes of estimating the POA radiation and the cell temperature must be 
investigated.  This aspect interests researchers and developers of sizing tools.  Chapter 5: Evaluation of PV performance prediction techniques  
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In this chapter both aspects are examined for the five sizing techniques being evaluated 
and the six PV modules monitored.  These aspects are investigated on an annual basis, 
which is all that would concern most grid-connected PV system owners.  Next, the 
results are examined on a monthly basis, highlighting seasonal variation, which is an 
important consideration in a stand-alone system where the output of the PV component 
is far more critical, and could mean the difference between being able to meet a load 
and experiencing an energy shortfall.   
 
The five PV performance prediction tools being investigated were described in section 
2.6 and summarised in Table 2-1.  They are:  
The Australian Standard for Stand-alone power systems: Part 2. System Design 
guidelines, AS 4509.2-2002. 
RAPSIM2. - Murdoch University Energy Research Institute 
Hybrid2 v1.2 and 1.3 – University of Massachusetts and NREL 
PV-Design Pro v.5.0 - Maui Solar Energy Software Corporation 
SOMES 3.2 - University of Utrecht 
 
The greyed boxes in Figure 5-1 highlight the data, presented in the previous chapter, 
which has been collected on site and exists at the various steps along the PV 
performance prediction process path.  This data enables a thorough examination of the 
underlying results of the sizing tools being evaluated here.   
 
The format of this chapter follows that of Figure 5-1.  Firstly, the meteorological inputs 
used in the process are discussed, in terms of what has been used in this study, and what 
data might be available to the general user.  In this comparison identical meteorological 
data (as measured on site) has been used as input to each model and the output Chapter 5: Evaluation of PV performance prediction techniques  
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compared with the actual measured output of the modules under those actual 
meteorological conditions. 
 
The PV module inputs are also discussed, with the detailed inputs being presented in 
Appendix C.  Any assumptions or restrictions are noted in the discussion below. 
 
The PV output predictions are presented, on an annual (section 5.5) and a monthly 
(section 5.6) basis. 
 
The results of the internal radiation and thermal models are examined and used in the 
technical evaluation of the design methods. This kind of detailed investigation provides 
a method to check model accuracy.  As a result of this work some coding problems with 
the thermal model used in Hybrid2 version 1.2 were corrected (section 5.6.3.1). 
 
In the last section of this chapter conclusions are drawn on the complexity required in a 
model to get sufficiently accurate PV sizing results. 
5.2  Meteorological Input Data 
As described in section 2.6.6 and illustrated in Figure 5-1, to predict the electrical 
output of any PV module requires information about the resources at the site in 
question.  Different simulation packages or design techniques require, at the very least, 
some form of solar radiation and ambient temperature data. 
5.2.1  Data Set Construction 
In the performance predictions investigated here twelve months of meteorological data 
measured on site at MUERI have been used.  The data was measured from March 2001 Chapter 5: Evaluation of PV performance prediction techniques  
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to February 2002.  However, it has been re-arranged to flow in a normal calendar year, 
thereby making it compatible with the various sizing tools. 
 
The meteorological year was typical of Perth except for the highly site-dependent wind 
speeds (see section C.1 in Appendix C). 
 
To provide input for the computer based simulation packages and the design method 
outlined in the Australian Standard, the ten-minute average values of global horizontal 
radiation (GHR), ambient temperature and wind speed recorded on site were processed 
into both hourly and monthly-average-daily time steps for the whole year.   
 
Though carefully measured POA radiation data is available for this work, realistically a 
system designer will have access only to GHR data.  For this reason the monthly-
average-daily POA radiation data set required as an input to the Australian Standard has 
been calculated from the measured horizontal values.  This approach makes the 
Australian Standard approach comparable to the other PV performance methods, all of 
which use the GHR data set.   
 
Wind speed was recorded at a height of 2.2 m. However, as some of these simulation 
tools assume a fixed anemometer height of 10m, the measured wind speed has been 
transposed to a height of 10m using a common power rule (Equation 5-1) which is 
given in Akbarzadeh (Akbarzadeh, 1992).   
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Where: 
H1    = Height to transpose wind speed to 
H2    = Height of measured wind speed 
VH1    = Wind Velocity at height 1 
VH2    = Wind Velocity at height 2 
 
Both PVDP and RAPSIM2 require the ambient temperature and wind speed values to 
be multiplied by 10 in their input weather data files. Neither of these packages gives an 
explanation for this requirement.  
 
PVDP (Pelosi, 2001) requires meteorological data over and above that of the other 
techniques.  It uses a year of hourly values of Horizontal Extraterrestrial Radiation 
(HER), Global Horizontal Radiation (GHR) and Diffuse Horizontal Radiation (DHR) as 
well as ambient temperature and, if available, wind speed and direction.  The POA 
irradiance is then calculated based on the date, the tilt angle of the array and the location 
of the site.  Because the DHR is not one of the parameters measured on site it had to be 
calculated and added to the sets of measured data.  Based on the latitude, longitude and 
elevation of the MUERI site, both the HER and DHR were calculated following the 
methods outlined in Duffie and Beckman ((Duffie & Beckman, 1991)) and in Iqbal 
(Iqbal, 1983)) (See Appendix C, section C.2.1 for details). 
5.2.2 Monthly-average-daily Meteorological Data 
The simple model for sizing PV systems defined in the Australian Standard (Standards 
Australia, 2002), requires monthly-average-daily meteorological data (for systems 
larger than 1kW). Some of the possible sources of data that a general user may obtain, 
discussed in section 2.6.7, are the Australian Solar Radiation Data Handbook (Lee et al., Chapter 5: Evaluation of PV performance prediction techniques  
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1995), Roy and Miller (Roy & Miller, 1981), WRDC (WRDC, 2002) and NASA 
(NASA, 2002).   
5.2.2.1  Monthly-average-daily POA radiation 
As the Australian Standard requires an appropriate model to translate the horizontal data 
to POA, two models were assessed by comparison with the measured values.  The 
method of Liu and Jordan (extended by Klein), presented in Duffie and Beckman 
(Duffie & Beckman, 1991), was chosen for this work and, as noted in table 2.2, the 
correlation of Erbs et al.  (Duffie & Beckman, 1991) was used to determine the diffuse 
component of radiation.  The results of the comparison are presented in section C.2.2. 
5.2.2.2  Monthly-average-daily temperature 
The monthly-average-daily ambient temperature values have been taken from the 
measured values described earlier.  The Australian Standard recommends the use of  
daytime average ambient temperatures (Standards Australia, 2002).  The data set used 
here fits that requirement, having been averaged from values measured during the 
daylight hours, with all overnight temperature values ignored and thus not affecting the 
values. 
5.3  Module Input Data Sets and Restrictions 
One of the main objectives of this work is to compare the different performance 
prediction methods based on what an ordinary user would be able to do with readily 
available data, such as manufacturers’ specifications etc. Therefore manufacturers; 
values for rated Wp output are used in this section of the work.  However, the use of 
measured meteorological data removes one source of uncertainty from the performance 
prediction processes evaluated here.  For this reason the actual measured meteorological Chapter 5: Evaluation of PV performance prediction techniques  
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data has been employed throughout, rather than the typical year data readily available to 
users.  
 
RAPSIM2 has several fixed parameter values, so the predictions have been performed 
with its pre-set values as a base point for some of the inputs to the other design tools. 
 
Where required as an input parameter the following values were set: ground reflectance 
to 0.2, wind speed and module height 10m and 1m respectively. Although RAPSIM2 
has a fixed MPPT efficiency of 95%, this figure was not applied to the other packages.  
As stated in Chapter 3 the specially developed maximum power point trackers used in 
this study were found to have efficiencies of around 99%, so this figure was used in the 
other three computer-based simulation tools.  This is in keeping with the ‘off the shelf’ 
idea described above. 
 
In performing predictions using the Australian Standard, three separate runs have been 
done, applying different temperature coefficients (TCs) of power for each module.  The 
first uses the manufacturers’ TC of power (employed in all the annual prediction 
comparisons with the other methods). The second run uses the typical or default TC of 
power (-0.5%/°C) and the third run uses measured TCs discussed in Chapter 4 section 
4.2.1.2. The other losses applied to these runs are a de-rating based on the 
manufacturers' tolerance values, effectively reducing the Wp rated value for the module 
to the initial guaranteed minimum value or IGM, discussed in section 4.1.2. 
 
SOMES requires the additional input of a set of efficiency values as a function of 
irradiance, (discussed in section 2.6.5).  As this data is not readily available it could be 
an obstacle for a general user of the software.  For this work the Sandia Photovoltaic Chapter 5: Evaluation of PV performance prediction techniques  
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Performance Model I-V Curve Tracer programme, which is shipped as part of the 
PVDP Solar Design Studio suite of programmes (Pelosi, 2001), was used to generate 
the module efficiency values at different irradiances; and these results are presented in 
Appendix C section C.4.2.7.  This is a relatively simple process for someone with a 
reasonable knowledge of photovoltaics.   
 
Due to the poor performance of US-64 (discussed in the previous chapter) a second set 
of prediction runs has been performed based on a reduced Wp value for the module 
(US-64 (modified)). The reduced value (found to be 58W) has been taken as the average 
of two of the Wp values measured in the solar simulator, the first at the start of the 
simulation period and the second at the end.  This is the value used in the previous 
chapter when calculating the PR(measured) for the US-64.  In order to have the required 
values for input into each of the PV models, a close examination was made of the set of 
IV curves measured at STC, enabling values of Voc, Isc, Vmp and Imp to be extracted.  
As for the other modules, to fulfil the requirements of SOMES, a set of efficiency 
values at different irradiances was determined using the Sandia IV curve tracer 
programme.   
 
Sections  C.3 & C.4 contain the detailed data sets for each module and for each 
prediction run. 
5.4  Data Analysis Methods 
As indicated by the process diagram Figure 5-1, this study evaluates the performance 
prediction techniques in two ways: in terms relevant to a general user and in terms of 
the modelling detail that would interest a developer or researcher.  Two measures have 
been used in the analysis of the energy yield predictions of the various design methods.  
The first, more valuable to the general user, is the mean bias error (MBE) given in Chapter 5: Evaluation of PV performance prediction techniques  
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Equation 5-2.  The second, of more interest to researchers and model developers, is the 
root mean square error (RMSE) defined in Equation 5-3. These measures are 
recommended for the evaluation of radiation models, which is a problem closely related 
to the work here (Iqbal, 1983).  They are commonly used statistical parameters: the 
MBE gives the value of the average modelling error, and the RMSE indicates the 
modelling accuracy for whichever time interval it is applied, hourly in this instance 
(Marion, 2002).   Both measures are also used in the analysis of the underlying radiation 
and thermal models. 
 
The MBE is defined as the percentage difference between the predicted and measured 
values.  In terms of the energy production of the PV modules it is the measure for the 
general user and is given by:    
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Where 
Mi =  the  i
th measured value 
Pi = the  i
th predicted value 
N  =  the total number of observations 
 
In comparing the measured and predicted energy generation or the measured and 
predicted POA radiation, the time interval has no impact on the value of the MBE.  The 
comparison is of total energy and so whether the daily or hourly values are used for the 
year or month the MBE will be the same.  However this is not the case for the analysis Chapter 5: Evaluation of PV performance prediction techniques  
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of temperature measurements, as temperatures are calculated as average values and are 
not cumulative, a slightly different MBE will be obtained looking at the average hourly 
sun-up temperatures or the average daily sun-up temperatures.  This is why when these 
temperature values are discussed an MBE based on hourly values has been given. 
 
The RMSE calculated here indicates how well the models predict the output on an hour 
by hour basis.  Double the RMSE gives a 95% confidence interval.   
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When considering the thermal models, the measured value assigned to Mi was the 
measured back-of-module temperature plus 3°C (see section 4.2.1.2).  
 
Another measure of modelling accuracy is the Mean Absolute Percentage Error 
(MAPE).  This value is not used in this study as it can be dominated by errors 
essentially small in terms of energy production.  For example, in the early morning or 
late afternoon, at times of low light levels, the percentage error contribution can distort 
the resulting MAPE value. 
 
All the results to be presented need to be considered in the context of the measurement 
accuracy of the monitoring system, presented in detail in Table 3-4.  The individual 
measurements of particular interest had the following errors associated with them; 
Power ± 0.5%, Temperature ± 1°C, GHR ± 3.4% and POA radiation ± 2.1%. 
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5.5  Annual PV Performance Prediction Results 
5.5.1  Comparison of Measured and Predicted PV output 
Table 5-1 compares the predicted output of the different models with the measured 
values.  The parameter used for this comparison is the average daily output of the 
module over the 12 month period.  The modelled results use recommended and pre-set 
parameters as inputs (see section 5.3).  In this instance the Australian Standard result 
applies the manufacturers’ temperature coefficient of power and a de-rating based on 
manufacturers' tolerances.  Other configurations are examined separately (see section 
5.5.2).   
 
Figure 5-2 presents the MBE for each of the simulations and modules, illustrating the 
average modelling error for the year.   
 
Figure 5-3 indicates the modelling accuracy of the computer-based design methods by 
presenting the RMSEs for hourly time intervals. Chapter 5: Evaluation of PV performance prediction techniques  
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Module  Measured 
W.hrs 
Australian 
Standards 
W.hrs (Man. 
TC) 
RAPSIM2 
W.hrs 
Hybrid2 
W.hrs 
PV Design 
Pro v 5.0 
W.hrs 
SOMES 
v.3.2 
W.hrs 
SX-75  382  355  385  369  389  384 
BP275  386  355  385  369  390  383 
US-64  314  313  329  214  377  348 
US-64 
(modified)  314  284  298  184  347  316 
BP585  439  406  437  411  435  435 
ST40  206  179  205  171  200  196 
PW750/70  347  335  360  350  364  365 
Table 5-1 Measured and Predicted Average Daily PV output. 
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Figure 5-2 MBEs of predicted PV energy output for the year. 
 
For the majority of the modules RAPSIM2 gave the best annual results, with all MBEs 
between -5.2% (US-64 modified) to +4.6% for US-64.  Among the other more stable 
modules the MBEs in the annual results is reduced to the range -0.5% to + 3.5%.  The 
hourly modelling accuracy of RAPSIM2, seen in the RMSEs, is also marginally better 
than the other methods for the majority of the modules. 
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With the crystalline technologies all the design methods have produced good results; 
MBEs ranging from -8.0% to 5.0% and RMSEs all less than 11.8%.   
 
The US-64 module is a special case.  Due to its declining performance it is very difficult 
to use the results to evaluate the design packages on a seasonal or monthly level as seen 
in section 5.6.  However, (setting aside Hybrid2) on an annual basis the predictions 
using the modified version of the US-64 module have produced improved results with 
MBEs ranging from -9.5% to 10.4%.  These MBE values also show that the Australian 
Standard produces a very accurate result in this instance, with an MBE of -0.3%, due to 
its very conservative approach.  It underestimates the output of all the modules for two 
main reasons: the overestimated module temperature, discussed later in section 5.5.2 
and the de-rating for manufacturers’ tolerances.   
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Figure 5-3 RMSEs (based on hourly steps) of predicted PV output for the year. 
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Hybrid2 does not model this type of thin film module well, a fact which is stated in the 
user manual (Baring-Gould, 1996) and is clearly illustrated by the RMSE results.   
Hybrid2 requires the user to input the number of cells in series and parallel: for the US-
64 module this is 11 and 2 respectively.  However, using these values produces results 
that grossly underestimate the output.  
 
RAPSIM2, PVDP and SOMES have all overestimated the output of US-64 - an 
expected result due to this particular modules’ poor performance.  Modifying the 
parameters of US-64 has shifted all the estimated outputs downwards by between 9.2 
and 10.4 percentage points, giving smaller (in absolute terms) MBEs. 
 
The MBEs show that the energy produced by the CIS module, ST40, is predicted best 
by RAPSIM2, with PVDP and SOMES also producing estimates within ±5% of the 
measured output.  The Australian Standard has underestimated the output by 13.4% and 
Hybrid2 has underestimated the output by 17.1%.  The Australian Standard result is due 
to the conservative approach described above coupled with the use of the 
manufacturer’s temperature coefficient of power.  This particular TC of power has been 
shown to be twice the value of the TC of power measured in the field in this study, (see 
section 4.2.1.2).  The Hybrid2 result has been affected by the programme’s documented 
inability to model thin film modules well. 
 
Of all the computer-based design methods Hybrid2 has shown a general trend of under-
prediction, leading to further investigation and discovery of an error in the Hybrid2 
programme code, described in detail in section 5.6.3.1. 
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5.5.2  Australian Standard – annual results – detailed analysis 
The inputs for the Australian Standard PV sizing method are limited by information 
available to the user.  In its simplest form the Australian Standard uses a typical 
temperature coefficient of power of -0.5%/°C.  However, a manufacturer’s figure is 
recommended when available.  Figure 5-4 shows the results of three sets of output 
calculations based on different temperature coefficients: the typical temperature 
coefficient of -0.5%/°C, the manufacturer’s temperature coefficient and the temperature 
coefficients calculated from the on-site measurements, (see Table 4-7). 
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Figure 5-4 Annual results of Australian Standard module output predictions using various 
temperature coefficients. 
 
Figure 5-4 shows improved results across all the modules when the measured TC is 
used in the energy yield calculation, because, for all the modules, the measured TC is 
lower than the typical TC of -0.5%/°C.  As mentioned previously, this design method is 
conservative and sensitive to temperature.    Chapter 5: Evaluation of PV performance prediction techniques  
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This result shows that manufacturers should try to improve the accuracy of their TCs.  
As discussed in Chapter 4, there are various published values of TC for CIS, with a big 
discrepancy between the manufacturer’s value of -0.6% and the measured value of                 
-0.3%.   
5.5.3  Comparison of Measured and Simulated Solar Radiation Values 
Because the energy output of a PV module is essentially directly proportional to the 
incident radiation, achieving an accurate prediction of POA radiation is one of the most 
important requirements in system design.   
 
Table 5-2 presents the hourly RMSEs and the annual MBEs for the POA predictions for 
each of the radiation models in each of the design packages.  There are no hourly 
RMSEs for the Australian Standard as the hourly time intervals are not applicable in 
that case. 
Modelling Method  MBE (%)  RMSE (%) 
Australian Standard  -2.92  N/A 
RAPSIM2  -1.41  6.31 
Hybrid2  -1.81  7.63 
PVDP  -0.96  7.25 
SOMES  -4.04  7.66 
Table 5-2 RMSEs and MBEs of the predicted POA radiation over the year. 
 
These results indicate very accurate prediction of POA radiation, which was not 
unexpected, as the radiation models employed by each of the design methods are widely 
used and accepted.  The radiation model used by PVDP produces the best annual 
incident energy prediction.  The radiation models used by RAPSIM2 have the best 
overall modelling accuracy in the hourly time intervals.  
 
The model employed by RAPSIM2 to determine the diffuse component is a modified 
version of the Orgill and Hollands’ correlation (Duffie & Beckman, 1991).  This model  Chapter 5: Evaluation of PV performance prediction techniques  
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has been modified by Spencer (Spencer, 1982), using the clearness index and four 
constants which are dependent on latitude.  The constants have been derived from 
radiation studies in Australia and are valid for latitudes of 20° to 45° S (Jennings, 1996).   
The results reported here confirm the good results of the method reported by both Lim 
and Spencer (Lim, 1993; Spencer, 1982). 
5.5.4  Comparison of Measured and Simulated Temperature Values 
The following tables present an analysis of the module temperature modelling of 
RAPSIM2, Hybrid2 and PVDP over the entire year.  They show both hourly MBE and 
RMSE.   The RMSEs and MBEs in these cases are calculated and given in °C.  SOMES 
can not be included here as it does not include module temperature as an output.  The 
measured module temperatures used in these comparisons were the measured back-of-
module temperature plus 3°C (see section 4.2.1.2).  
 
Hourly MBE (ºC) 
Module  RAPSIM2  Hybrid2 v1.3b  PVDP 
SX-75 p-Si  -0.49  3.60  -0.41 
BP275 c-Si  0.27  4.10  0.35 
US-64-modified 
3j-a-Si  -0.20  3.13  -1.68 
BP585 c-Si  -0.07  3.55  0.01 
ST40 CIS  -0.83  3.60  0.97 
PW750/70 p-Si  1.12  4.09  2.91 
Table 5-3  Hourly MBEs of module temperature predictions for the year. 
 
 Hourly RMSE (ºC) 
Module  RAPSIM2  Hybrid2 v1.3b  PVDP 
SX-75 p-Si  2.12  5.80  1.83 
BP275 c-Si  2.26  6.07  1.88 
US-64-modified 
3j-a-Si  2.20  5.06  2.63 
BP585 c-Si  2.14  5.53  1.79 
ST40 CIS  2.09  5.79  2.53 
PW750/70 p-Si  2.83  5.97  4.11 
Table 5-4 Hourly RMSEs of module temperature predictions for the year. 
 Chapter 5: Evaluation of PV performance prediction techniques  
 
  125
Considering the estimated measurement error of ± 1°C for both ambient and back-of -
module temperature measurements performed by the monitoring system, these tables 
show that both RAPSIM2 and PVDP model the module temperatures very well, 
especially for the two c-Si modules and the p-Si module SX-75.  However, the 
temperature of the p-Si module, PW750/70 is not modelled quite as well and, in the case 
of the PVDP results, nor are the temperatures of the thin film modules.  These errors are 
not large.  However, Hybrid2 v1.3b has errors up to three times the value of the other 
packages.  This is discussed further in section 5.6.3.1. 
5.6  Monthly Analysis of Each Design Method 
This section presents and discusses the results on a monthly basis.  From this some 
seasonal effects can be seen on the predictive accuracy and ability of the various 
simulation techniques and PV models, as well as the radiation and thermal models.   
 
The radiation models are discussed and compared in section 5.6.6.  The thermal and 
total energy generation prediction results are presented and discussed separately for 
each package (sections 5.6.1 to 5.6.5). 
 
Finally, a more detailed comparison of the thermal models is presented, with the results 
from one single module used to compare each prediction technique (section 5.6.7).  The 
cooling effect of wind and its use in the thermal models is then examined. 
5.6.1 Australian  Standard 
This section compares the monthly MBE results of the energy yield predictions of the 
Australian Standard model and the monthly error in module temperature estimation.  
Again, the predicted results have been divided up into three data sets using the different 
temperature coefficients identified in the annual analysis in section 5.5.2: the Chapter 5: Evaluation of PV performance prediction techniques  
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manufacturers’ TC, the typical TC and the measured TC.  The MBE of the POA 
radiation is also included for comparison in all the energy output prediction charts. 
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Figure 5-5 Monthly MBEs of average-daily energy output predictions using Australian Standard - 
Manufacturers TC 
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Figure 5-6 Monthly MBEs of average-daily energy output predictions using Australian Standard - 
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Figure 5-7 Monthly MBEs of average-daily energy output predictions using Australian Standard - 
Measured TC  
 
Figure 5-5, Figure 5-6 (note: y-axis has same scale but different range) and Figure 5-7, 
show the same pattern, with the MBEs of the energy yield closely mirroring the MBEs 
of the POA radiation prediction.  Again, the measured TC has produced the best result, 
with all the crystalline modules showing MBEs between 1.9% and -9.6%.   March is 
actually the first month of the recorded measured data, which has led to the very large 
underestimate of energy generation seen for US-64(modified) (3j, a-Si) in March and 
April, due to the continuing photo-degradation of the module, discussed in the previous 
chapter (section 4.1.4), and the average Wp value assigned to the module for simulation 
purposes. 
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Figure 5-8 Monthly MBEs of predicted average-daily module temperature using Australian 
Standard  
 
With respect to module temperature, Figure 4-9 showed that on a month by month basis 
the measured average daily module temperatures were between 8°C and 13°C above the 
measured ambient temperature.  Therefore, estimating a module temperature by adding 
25°C to the ambient temperature, has overestimated the average module temperatures 
by as much as 17°C for the PW750/50 module.  This error in module temperature 
prediction can be seen in Figure 5-8.  Based on a TC of -0.5%/°C this 17°C 
overestimate represents an energy output reduction of 8.5% for the given month.   
Shifting the zero axes of figures 5.5, 5.6 and 5.7 down by 8.5% puts the zero point in 
the middle of the curves shown. 
 
The result shows that setting the module temperature at 25°C above the ambient 
temperature may be too conservative.  The module temperature relative to ambient 
temperature is a site-dependent parameter and it may be worthwhile to consider the 
wind regime and geographical location of the proposed site.  Further investigation into Chapter 5: Evaluation of PV performance prediction techniques  
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the effects of location and wind speeds on cooling PV modules would be valuable in 
refining this very general method of determining module temperatures, as long as it 
preserved the simplicity of the design method. 
5.6.2 RAPSIM2 
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Figure 5-9 Monthly MBEs of energy output predictions using RAPSIM2 
 
The monthly MBEs of energy output for RAPSIM2 are presented in Figure 5-9.  They 
show that, apart from US-64(modified), RAPSIM2 is able to predict the monthly PV 
output very well.  All the MBEs are well within ± 8%, with most results being much 
better than that.  The US-64(modified) output is poorly predicted for March and April, 
for reasons discussed previously. However, as the module degrades, the prediction is 
improved. There is a general trend of overestimating in summer and underestimating in 
the winter months. While the shape of the trend follows that of the of POA radiation 
values, it is far more pronounced.  
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Another result that should be highlighted is the overestimation in the prediction of PV 
energy output from the poly-crystalline module, PW750/50.  This result can be 
explained by the module having an output below expectations, which was discussed in 
the previous chapter, and having a PR (Wp-rated) below that of the other crystalline 
modules (see Figure 4-12).   
2%
6%
10%
14%
18%
22%
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
R
M
S
E
 
E
n
e
r
g
y
 
P
r
e
d
i
c
t
i
o
n
 
R
A
P
S
I
M
 
(
%
)
SX-75 BP275 US-64 (modified) BP585 ST40 PW750/70 POA
 
Figure 5-10 Monthly RMSEs of hourly energy output predictions using RAPSIM2 
 
The RMSEs provide an insight into the modelling accuracy on an hour by hour basis.  
Figure 5-10 shows that the accuracy with which RAPSIM2 models the modules’ output 
follows the same trend as the POA modelling, with the exception of US-64 and 
PW750/70, which have been discussed.  RAPSIM2’s results are best in summer, 
autumn and spring, and worst in winter. Chapter 5: Evaluation of PV performance prediction techniques  
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Figure 5-11 Monthly MBEs of predicted average-daily module temperature using RAPSIM2  
 
The module temperature prediction in RAPSIM2 is excellent with the hourly MBE in 
most cases better than ± 1°C and all in the range of -1.7°C to +2.5°C. 
5.6.3  Hybrid2 v1.2 and v1.3b 
The Hybrid2 energy production predictions presented here have been made using v1.3b.  
 
Figure 5-12 (note y-axis scale has larger range than the MBE charts for the other tools) 
shows that, while the predictions made using Hybrid2 v1.3b have MBEs between -15% 
and +6% for the crystalline technologies, this increases  to -11% to -27% for ST40 
(CIS), and then US-64(3j, a-Si) has a monthly MBE range of -34% to -57%.  As stated 
before, it is claimed that Hybrid2 does not model thin film modules well.  These results 
confirm that.  However, there is also a general trend to underestimate output across all 
the modules.  This underestimation is larger in winter, and, while this follows the shape 
of the POA MBEs, it is far more pronounced, indicating other factors are bringing the 
output value down. At its worst the POA MBE is only -6%.  Chapter 5: Evaluation of PV performance prediction techniques  
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Figure 5-12 Monthly MBEs of energy output predictions using Hybrid2 v1.3b – Note scale on y-
axis. 
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Figure 5-13 Monthly RMSEs of hourly energy output predictions using Hybrid2 v1.3b. Note scale 
on y-axis. 
Figure 5-13 (note y-axis scale has larger range than the RMSE charts for the other tools) 
presents the monthly RMSEs for Hybrid2 v1.3b.  Again, the thin film modules are very 
poorly modelled, with RMSEs between 15% and 64%.  The RMSEs of the crystalline Chapter 5: Evaluation of PV performance prediction techniques  
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modules are following the same pattern as the POA radiation RMSEs, with the best 
results in summer, early autumn and late spring, and the worst in winter.  When the 
prediction runs were performed Hybrid2 indicated, in the DC PV Array Subsystem 
dialog box, that the two poly-crystalline modules were well modelled, and the two 
single crystalline modules were not.  This is also evident in the results of the energy 
output predictions. 
5.6.3.1  Hybrid2 v1.2 and v1.3b thermal model and coding error. 
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Figure 5-14 Monthly MBEs of predicted average-daily module temperature using Hybrid2 v1.3b  
 
In the thermal modelling results for v1.3b seen in Figure 5-14 Hybrid2 has over-
predicted module temperatures for all the modules for the entire year.  The worst month 
is March, when the average over-prediction is as high as 6.5 °C.   
 
Originally version 1.2 of Hybrid2 was used in this work.  Figure 5-15 shows monthly 
MBEs for temperature prediction using Hybrid2 v1.2.  In the earlier version the 
temperature predictions were even further above the measured temperature values, Chapter 5: Evaluation of PV performance prediction techniques  
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which led to a closer examination of the module temperature listing in the Hybrid2 v1.2 
output file.   
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Figure 5-15 Monthly MBEs of predicted average-daily module temperature using Hybrid2 v1.2  
 
Attempts were made to repeat the calculation of module temperature applying the input 
data and the equations given in the Hybrid2 user manual.  However, it was found that 
the cell efficiency would need to be set to zero to obtain the module temperature that 
Hybrid2 v1.2 was calculating.  The higher module temperatures predicted by the 
program result in reduced energy output estimates. Without the detailed monitored data 
obtained in this work the problem would not have been found. 
 
The author brought this problem to the attention of the Hybrid2 programmers at the 
University of Massachusetts, (Abdulwahid, 2002) .  They acknowledged there was an 
error in the code and have fixed the problem in Hybrid2 v1.3b. 
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Although there is an improvement in the Hybrid2 v1.3b module temperature prediction, 
(seen in Figure 5-14) the values are still much higher than the measured values.  The 
predicted module temperatures are also much higher than the other module temperatures 
predicted by the other computer-based tools.  For example, the difference between v1.2 
and v1.3b, in terms of predicted energy production for the SX-75 module, is only 1% 
over the entire year, or 2% in April, the worst month.  
 
The fact that Hybrid2 does not take wind-speed into account in its thermal model has a 
much larger impact on the prediction results.  The effect of removing wind speed from 
the thermal models on the energy output predictions is analysed in section 5.6.7.   
5.6.4 PVDP 
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Figure 5-16 Monthly MBEs of energy output predictions using PVDP 
 
Like RAPSIM2, PVDP has predicted the energy output for all the modules (except US-
64) to within ± 10%, and, in most cases, much better.  As can be seen in Figure 5-16 it 
has achieved excellent results for the c-Si modules of between -6.2% and + 9.2% (or Chapter 5: Evaluation of PV performance prediction techniques  
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+6.4% if PW750/70 is ignored).  The general trend again closely follows the POA 
prediction MBE.  However, the seasonal variation differs from that in RAPSIM2 and 
Hybrid2, with the dip in May rather than June and an improvement in prediction from 
July through to February. 
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Figure 5-17 Monthly RMSEs of hourly energy output predictions using PVDP 
The modelling accuracy, illustrated via the RMSEs in Figure 5-17, shows a slightly 
different pattern to that of the MBE.  The largest errors occur through winter, peaking in 
June.  Apart from US-64, the largest modelling errors occur with the energy output 
prediction of the other thin film module, the ST40 CIS module.  Chapter 5: Evaluation of PV performance prediction techniques  
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Figure 5-18 Monthly MBEs of predicted average-daily module temperature using PVDP  
The empirically determined constants and Sandia Thermal model used in PVDP have 
resulted in excellent module temperature predictions, as can be seen in Figure 5-18.  
The curves are very flat and display no obvious seasonal variations. 
5.6.5 SOMES  3.2 
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Figure 5-19 Monthly MBEs of energy output predictions using SOMES Chapter 5: Evaluation of PV performance prediction techniques  
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The MBEs of the SOMES predictions are shown in Figure 5-19.  The crystalline 
modules have been well modelled with MBEs between -8.5% and +9.9%, (or +5.5% if 
PW750/70 is ignored).  The errors in the POA results span a smaller range, but follow 
the same pattern, with the largest errors occurring in winter.   
 
The energy output prediction for US-64 (modified) is better in this package than in any 
other.   
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Figure 5-20 Monthly RMSEs of hourly energy output predictions using SOMES 
 
The modelling accuracy is quite good for SOMES.  Figure 5-20 shows that the largest 
errors occur in winter, and they occur for the CIS module, ST40.  The RMSEs range 
from around 6% up to 12% for the other modules. The best modelling accuracy is for 
US-64(modified).  
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Although SOMES does model module temperature, it does not include the results in its 
output file, so specific errors in temperature prediction cannot be analysed.  
5.6.6  Monthly Radiation Model Result Comparison 
The errors for the POA irradiance were shown in the previous sections.  However, a 
month by month comparison of each of the radiation models employed by each of the 
design tools has been performed and is presented in average-daily PSH for each month 
in Figure 5-21.  The statistical analyses can be seen in Figure 5-22 and Figure 5-23. 
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Figure 5-21 Measured and Simulated Average Daily POA radiation (PSH ) 
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Figure 5-22 Monthly MBEs of modelled POA radiation 
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Figure 5-23 Hourly RMSEs for modelled POA radiation for each month. 
 
Table 5-2 showed that the annual MBEs for all the POA radiation simulations are quite 
small - at less than 5%.  However, Figure 5-22 and Figure 5-23 show the seasonal Chapter 5: Evaluation of PV performance prediction techniques  
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variation in these values.  The largest errors occur in the middle or winter months of the 
year.  While some of these values are quite high, in terms of annual energy production, 
they are less significant than values in the longer days. Table 5-5 illustrates this by 
listing the monthly contribution in percentage to the annual energy production for one 
module, SX-75(p-Si), as well as the corresponding monthly incident radiation 
percentages.  SX-75(p-Si) has been chosen for this examination as it represents a 
common technology, was the most stable module under test, and was the module whose 
Wp value, measured in the solar simulator at STC conditions, most closely matched its 
rated Wp value. 
 
Month  % of Annual PSH  % of Annual Energy 
Yield 
SX-75 
January  10.24  9.76 
February  9.93  9.50 
March  10.81  10.63 
April  7.80  7.90 
May  5.86  6.10 
June  6.23  6.58 
July  6.58  6.95 
August  6.47  6.74 
September  6.57  6.77 
October  9.29  9.42 
November  9.91  9.70 
December  10.30  9.95 
Table 5-5  Percentage of Annual Incident Radiation and Annual Generated Energy (SX-75) each 
month. 
 
Again, in terms of both RMSE and MBE, the radiation models employed by RAPSIM2 
have produced the best results. 
5.6.7  Detailed Thermal Model Comparison – Based on One Module 
Again using SX-75 a comparison of the thermal modelling results has been performed. Chapter 5: Evaluation of PV performance prediction techniques  
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Figure 5-24 A comparison of measured and modelled module temperatures for SX-75. 
 
Figure 5-24 shows the measured and modelled monthly-average-daily module 
temperatures for the p-Si module SX-75.  To obtain a reasonable value for the measured 
module temperature (as discussed in section 4.2.1.2 ) 3°C has been added to the back-
of-module temperature measured on the monitoring system.  The chart includes two 
curves for RAPSIM2 and PVDP, one using the measured wind speed data, and the other 
setting the wind speed values to zero.  There are also two curves for Hybrid2, 
representing the two versions discussed earlier.  SOMES does not include module 
temperature in its output files.  However, it does have the option of using wind speed in 
its thermal modelling. 
 
The chart clearly shows that the thermal models used in RAPSIM2 and PVDP are very 
accurate in predicting the temperature of the p-Si module SX-75, but, when the wind 
data is removed, a large discrepancy occurs in the temperature prediction in the warmer 
and in the case of the MUERI test site in Perth the windier months.   (See appendix C Chapter 5: Evaluation of PV performance prediction techniques  
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section C.1.3 for a comparison of the average sun-up wind speed values measured on 
site with TMY data for Perth). 
 
The Australian Standard employs a straight addition of 25°C to the average ambient 
sun-up temperatures for each month, and no cooling effects from the wind.  This is a 
very conservative approach, as can be seen from the chart, with the results for the SX-
75 module from the Australian Standard being as much as 15°C higher than the average 
measured value, which represents 7.5% less energy generation when using this design 
tool. 
 
Hybrid2 does not use wind in its thermal modelling.  Not taking into account this 
cooling effect has a bigger impact on the predicted module temperature and energy 
production than the coding error discussed in section 5.6.3.1.   
 
For the SX-75 module, this represents an annual difference in energy yield prediction of 
5.6% for RAPSIM2, 2.3% for PVDP and 3.6% for SOMES.  
 
Figure 5-25 presents the results of this SX-75 energy yield prediction comparison on a 
month by month basis.  The chart shows the percentage difference in predicted energy 
output between using and not using wind speed in the thermal model plotted against the 
average monthly wind speed.  A strong relationship exists, which can amount to as 
much as 6.5% difference in predicted yield for a month, using the wind speeds 
measured at the MUERI site. 
 Chapter 5: Evaluation of PV performance prediction techniques  
 
  144
-1%
0%
1%
2%
3%
4%
5%
6%
7%
0123456
Average Daily Wind Speed (Sun-Up) m/s
%
 
D
i
f
f
e
r
e
n
c
e
 
i
n
 
p
r
e
d
i
c
t
e
d
 
o
u
t
p
u
t
 
u
s
i
n
g
 
W
i
n
d
 
d
a
t
a
 
a
n
d
 
N
o
t
 
u
s
i
n
g
 
W
i
n
d
 
d
a
t
a
Rapsim % diff PVDP % diff SOMES % diff
 
Figure 5-25 Percentage difference in the prediction of energy yield - between using and not using 
wind in the thermal model. 
In areas with very little wind this discrepancy may not be a problem.  However, Perth is 
situated on the coast, has fairly high average wind speeds and is well known for its 
cooling afternoon sea breeze in summer.  Therefore, it is a site where the cooling effect 
of the wind should be taken into account for the thermal modelling of PV modules.  
Using the wind data in thermal modelling would be even more important at sites with 
higher average wind speeds. 
5.7 Conclusion 
For a photovoltaic system which is grid-connected the possible loss of load and daily 
fluctuations in energy generation are not particularly important.  While systems are 
sized by the kWp installed, the key performance figure of interest is the annual energy 
output of the system.  Users, power utilities and funding bodies need to know how much 
energy can be expected from the system over a year or over the life of the system.  
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Apart from the well documented problems associated with the a-Si US-64 module tested 
here, and with Hybrid2’s difficulty in modelling thin film modules, the annual energy 
predictions for all the modules and all the methods were within ± 10% of the measured 
values (Figure 5-2 & Figure 5-3).   The only exception is the Australian Standard’s 
prediction of energy output for the ST40 (CIS) module which was 13% below the 
measured output.  This particular result is improved when the measured temperature 
coefficient of power is used in the prediction (Figure 5-4). 
 
These results suggest that any of the prediction tools could provide a user with an 
acceptable annual energy output prediction.  In turn, this means that the deciding factor 
for a user in choosing between these methods would be convenience, ease of use and the 
particular features available within the package. 
 
PV-Design-Pro is the only package, out of those examined here, that can be employed 
without the user needing to source any other inputs.  It has a large library of climate data 
from sites around the world, and it has an extensive library of commercially available 
PV modules.  It also comes with a climate generator program to enable the user to 
create a climate file based on average-daily-monthly data they may have sourced 
elsewhere.  However, if a user wishes to create their own climate data file, they will 
have to perform all the processing discussed in sections 5.2.1 and C.2.1. 
 
All the other methods require the user to provide climate or resource data and PV 
module data.  Also, depending on the source and format of the data obtained, the user 
may have to process the data into a form suitable for the chosen method.  In all cases a 
simple spreadsheet and / or text processing programme can be used to create suitable 
input data files. Chapter 5: Evaluation of PV performance prediction techniques  
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The Australian Standard requires basic PV information, values which are readily 
obtained from the module specification sheets.  The user is required to source 
temperature and radiation data and then generate POA radiation data.  However, as this 
method in based on average-daily-monthly values it only requires 12 sets of 
calculations, one for each month.  This means that, once a user has obtained the 
appropriate model equations and resource data, it is not difficult to create a spreadsheet 
template in which the POA radiation and module temperature can be calculated from 
the site location data.  This spreadsheet can also be used to calculate the final PV output. 
 
RAPSIM2 suggests ACADS-BSG as a source of meteorological data and includes a 
filter to create useable weather data files from ACADS data files.  Currently ACADS-
BSG has data for several Australian Sites as well as sites in New Zealand, New Guinea 
and some other South East Asian Locations  (King, 2004).  If ACADS data is not 
available for the site of interest then the user has to source the data elsewhere and put it 
into an appropriate format. The PV model inputs required by RAPSIM2 are parameters 
that are readily available on module specification data sheets (MUERI, 1997). 
 
Hybrid2 requires the user to provide time series resource data in a particular format, 
which is then imported into the project.  The user manual emphasises the importance of 
obtaining accurate resource data for use in simulations, and the package does provide a 
very small amount of resource data in its library (Baring-Gould, 1996).  The most recent 
versions of Hybrid2 include a time series data synthesiser to generate appropriate data 
files from summary data obtained elsewhere (University of Massachusetts & NREL, 
2004). In terms of the required PV model inputs, the value of the cell material energy 
band gap as well as the temperature coefficients for open circuit voltage (VOC) and short Chapter 5: Evaluation of PV performance prediction techniques  
 
  147
circuit current (ISC) are not parameters regularly provided on module specification 
sheets.  Therefore, a user may have to source these values independently. 
 
SOMES also requires the user to source and process time series resource data.  The 
required PV model data is readily available, except for the set of efficiency as a function 
of radiation values.  These values are not provided by manufacturers and so could be 
difficult for a user to obtain. Otherwise, the user to may need to make some significant 
assumptions. 
 
Based on the above observations, PVDP and the Australian Standard are the simplest to 
use in the first instance.  Once the time series resource data has been obtained 
RAPSIM2 is a much simpler programme to use than PVDP, but, consequently it has 
less features.  Hybrid2 has the problem of non-standard PV inputs and problems in 
modelling certain technologies, but it has the benefit of the time series data synthesiser.  
While also being reasonably simple to use, SOMES has the obstacle of obtaining the set 
of efficiency values for each module. 
 
In summarising the month by month results of the energy predictions it can be seen that 
like the annual results, RAPSIM2 provides the best predictions, both in the parameter 
that is most significant to users, the MBE, and in the modelling accuracy indicator of 
RMSE (Figure 5-9 & Figure 5-10).   
 
Comparisons of the monthly output predictions of the triple junction a-Si module, US-
64, do not provide reliable or conclusive results, and so are not included in this 
summary. 
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The smallest range of MBE values is RAPSIM2 with the Australian Standard and 
PVDP coming next.   
 
RAPSIM2s monthly MBE values centre on -0.1% (i.e. the average of the monthly MBE 
values is 0.1%), a value close to zero, whereas the Australian standard and Hybrid2 
have MBE’s centred well below zero.  PVDP has very similar results to RAPSIM2 with 
monthly MBEs centred on 0.1%, but it has a larger range of MBEs.  SOMES, again, has 
its MBE values centred on -1.4%, but it also has a much larger range than RAPSIM2, 
due mainly to its poor prediction of the CIS module output. 
In terms of the monthly modelling accuracy the RMSEs are smallest for RAPSIM2. The 
next best result is seen in PVDP, followed by SOMES. 
 
Like the annual results the monthly predictions show that any of the tools employed 
here would give reasonable predictions for the crystalline technologies.  No conclusions 
can be drawn from the results for the amorphous silicon module, and the CIS module is 
not as well modelled as the others. 
 
The detailed analysis uncovered a coding problem in the thermal model of the Hybrid2 
programme. 
 
Further analysis indicated thermal models that included wind in their calculations 
provided more accurate module temperature predictions for this site. 
 
Overall the results show that a simple model and approach can give acceptable results in 
predicting the output of PV modules, and that it is not necessary to have very complex 
tools to estimate PV output. Chapter 5: Evaluation of PV performance prediction techniques  
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As prediction tools generally take PV output to be directly proportional to the Wp rated 
value of the module and to the incident radiation it is essential that these input values 
are accurate.  
 Chapter 6: Conclusions and Discussion 
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6 Conclusions  and  Discussion 
In this study highly accurate PV energy output data was collected, from individual PV 
modules, using a purpose built monitoring system.  The system employed a novel 
approach to data collection by using specially designed and very efficient individual 
maximum power point trackers (MPPTs). The data has been used to measure and 
compare the energy generation of different types of PV modules and to evaluate five 
different PV energy output prediction tools.  The results of this work provide valuable 
information to users of PV systems, as well as system designers, and researchers. 
 
The PV market grew 380% in the five years to 2003 and, even though crystalline 
silicon-based technologies have a 90% share of the market, shipments of other 
technologies, such as thin film modules are growing.  Currently, the only measure on 
which the consumer can base choice of a PV module is the Wp-rated value at STC 
(Standard Test Conditions). This measure does not take into account how different 
technologies and climates can affect total energy output.  Many studies have shown that 
energy outputs are influenced by the PV technology and climate variations.   
 
The work conducted here supports and expands on many of the reported results of these 
studies, arriving at the conclusion that a user should be influenced in choosing a PV 
module far more by the energy that will be generated than by Wp rating at STC, since 
these standard test conditions rarely occur in typical PV installations.  Proposals and 
current work towards energy rating schemes as alternatives to the STC rating were 
reported in Chapter 2. 
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The related problem facing consumers of PV systems is what method should be used to 
size a PV array for a particular application.  What level of complexity is required in a 
PV energy output predictive tool to give an acceptable level of accuracy? 
 
This purpose built outdoor PV monitoring system recorded highly accurate PV energy 
production data from the six PV modules selected and purchased for testing.  The 
monitoring system incorporated specially designed and tested Maximum Power Point 
Trackers for each module. The back-of-module temperatures for each PV module were 
recorded as well as the following meteorological parameters: ambient temperature, 
global horizontal radiation, plane of array radiation and wind speed at module height.  
This provided an extensive data base from which the module performances could be 
analysed and compared, and from which a detailed evaluation of the five PV energy 
output prediction tools could be performed.  The quality of this data was assured by 
appropriate and regular calibration of the test equipment.   
 
The PV performance comparison produced many interesting outcomes, the main one 
being that it is worth considering what technology you will use in a particular climate.  
For the given test site of Perth, Western Australia, defined as a Mediterranean climate, 
thin film modules (CIS and a-Si, 3j) produced more energy for their measured Wp value 
at STC than did the crystalline silicon based technologies.  However, as these measured 
Wp values were below the rated values, it does not mean a consumer will get what is 
paid for.   An examination of performance based on the rated value of the modules 
indicated very little difference in output between the crystalline silicon modules and the 
CIS module.  
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One of the key conclusions of this study is that the issue of providing a worthwhile 
indicator of PV module output is yet to be solved.  The rated output is not a useful 
indicator as was seen in chapter 4.  The energy rating schemes proposed rely on a rated 
module output which introduces considerable uncertainty because of the large 
tolerances put on Wp values by the manufacturers.  However, the observed differences 
in energy output between PV technologies both, highlights the lack of standards in 
labelling and, supports the adoption of an energy rating scheme to rate PV modules. 
 
The Wp value at STC of PV modules does not always match up to what the 
manufacturers have stated. However, the modules under test in this study have stayed 
within warranty values (allowing for measurement errors) due, in part, to the large 
tolerances the manufacturers apply.  Those large tolerances, as indicated above, make 
the development of reliable performance indicators very difficult. 
 
The STC solar simulator test results supported and expanded on the problems and 
uncertainties associated with pulsed light solar simulator testing of CIS modules, 
reported elsewhere in the literature. 
 
Further investigation of the outdoor performance of the CIS module indicated its 
efficiency had not degraded to the extent suggested by the solar simulator 
measurements.  In determining a Wp value at STC for the ST40 module, based on 
outdoor measurements, discrepancies in the value of temperature coefficients of power 
provided by manufacturers were uncovered.  This difference has implications for PV 
energy output prediction methods. 
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Over time some degrading of performance was observed in some modules.  While this 
was not unexpected, the continued and pronounced degradation of US-64(a-Si, 3j) 
module was unexpected.  Monitoring results of an older module of the same technology 
showed a very stable performance with measured Wp values above the rated value.  
However, the newer US-64 module did not show the same behaviour, which supported 
a similar result reported by another research group.   The very poor performance of this 
module meant that firm conclusions could not be made on what may be expected from 
such a module, or how well the different sizing tools could model its performance. 
 
The degrading of STC performance of both ST40 and US-64 was investigated further 
and in both instances a decline in FF was observed,  Both modules experienced a 
reduction in shunt resistance but in both cases it was the increase in series resistance 
that dominated the deterioration of the FF. 
 
 Finally an examination of the output at low irradiance levels of the different PV module 
technologies was conducted.  It showed that the c-Si Laser Grooved Buried Contact 
module, BP585, and the triple junction a-Si module, US-64, had comparatively better 
daily PRs (Wp-measured) in cloudy conditions.  This was also illustrated when 
examining hourly energy output results on sunny and cloudy days.    
 
In comparing the different PV energy output predictive performance tools it was found 
that on an annual basis all of the techniques made predictions for the output of the 
crystalline modules that were between -8% and +5%, which, given the often 
considerable uncertainties in radiation and load data coupled with the large 
manufacturers’ tolerances specified for module output, is not an unreasonable level of Chapter 6: Conclusions and Discussion 
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uncertainty.  From this result it can be concluded that a user should base their choice of 
a PV output prediction tool on the ease of use and the availability of input data.   
 
The Australian Standard gave conservative but reasonable results, which were improved 
when measured temperature coefficients (TC) of power were used. 
 
RAPSIM2 provided the most accurate prediction results in terms of energy generation 
on an annual and on a monthly basis.  
 
According to the programme’s own indicator dialogue box, Hybrid2 modelled only the 
two p-Si modules well.  However, in this study, it also gave reasonable results for the 
two c-Si modules.  The fact that Hybrid2 does not model thin film modules well was 
borne out by the results of the predictions here.  The output predictions for both the a-Si 
module and the CIS module were well below the measured output. 
 
Hybrid2 also underestimated the output of the other modules and further investigation 
of the detailed data revealed a coding problem in the thermal model part of the Hybrid2 
programme.  The programmers of Hybrid2 repaired the bug in v1.3b, producing some 
improvement in module temperature prediction.   
 
A more significant effect on the module temperature predictions was the use of wind in 
a particular thermal model.  It was found that in a windy site, like Perth, wind should be 
taken into account, as it can result in more than a 6% difference in energy prediction. 
 
An analysis of the radiation and thermal models employed by the various performance 
prediction tools revealed that RAPSIM2 provided the best POA irradiance modelling Chapter 6: Conclusions and Discussion 
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results with the lowest hourly RMSE for the year, and PVDP had the lowest annual 
MBE.  However, all the performance prediction tools produced good results in their 
prediction of the POA irradiance, a result not unexpected because they all employ 
widely used and accepted radiation models. 
 
The thermal modelling of PVDP and RAPSIM2 produced results in excellent agreement 
with measured values.  The problems associated with the thermal modelling of Hybrid2 
have already been discussed.  The module temperatures predicted by SOMES could not 
be analysed as SOMES does not include module temperature in its output results files.  
The Australian Standard has a very conservative approach and its thermal modelling 
produced results that, on an average-monthly-daily basis, were up to 17 °C above the 
measured module temperature.  Based on a TC of -0.5%/°C this 17°C overestimate 
represents an energy output reduction of 8.5% for the given month.   
 
This result suggests that further investigation into the effects of location and wind 
speeds on cooling PV modules would be valuable in refining the very general method of 
determining module temperatures employed by the Australian Standard, as long as the 
simplicity of the Australian Standard performance prediction method is preserved.  
 
Allowing for the observed problems, with the US-64 (3j, a-Si) module, and with 
Hybrid2 modelling of thin film modules, it was found that any of the prediction 
methods used here would provide acceptable PV energy output predictions.  This result 
suggests that when users are choosing a PV prediction tool they should consider 
convenience, ease of use and the particular features they may want.  The required level 
of detail, as well as the availability and form of resource data, should also be 
considered. Chapter 6: Conclusions and Discussion 
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The study has concluded that a simple approach produces valid results but that the 
estimated PV output values were much improved when actual module parameters were 
used.  This again highlights the issue of module rating because the wide tolerances in 
the STC module rating lead to large uncertainties in the estimated module output.  
 
Until the issue of module rating is resolved the difficulties highlighted in this study will 
continue to make the estimation of PV performance a difficult exercise.  
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A  Calibration of Test Equipment 
A.1 Pyranometers 
Four pyranometers have been used in this system, three Kipp & Zonen CM11 
pyranometers and one Eppley PSP. 
The Kipp & Zonen pyranometers are calibrated regularly by the Bureau of Meteorology 
in Melbourne, Victoria. 
Model 
Number 
Serial 
Number 
Calibration Date  Calibration 
Laboratory 
Calibration 
Certificate 
Number 
Calibration 
Constant 
μVm2W-1 
K&Z CM11  850908  December 15, 2000  BoM  2000/11  4.68 
K&Z CM11  850908  February, 14, 2000  BoM  2000/3  4.69 
K&Z CM11  850908  April 9, 1999   BoM  99/014  4.59 
           
K&Z CM11  840632  December 19, 2001  BoM  2001/13  4.83 
K&Z CM11  840632  February 14, 2000   BoM  2000/03  4.81 
K&Z CM11  840632  February 10, 1998   BoM  98/002  4.82 
K&Z CM11  840632  March 2, 1994    BoM  94/0011   4.82 
K&Z CM11  840632  March 7, 1986    Pascoe Solar 
Services   86 078 019  4.82 
           
K&Z CM11  945582  December 15, 2000   BoM  2000/10  4.74 
K&Z CM11  945582  April 9, 1999  BoM  99/013  4.72 
K&Z CM11  945582  February 10, 1998   BoM  98/002  4.74 
K&Z CM11  945582  December 14, 1994   Kipp & Zonen    4.73 
           
Eppley PSP  18858F3  February 2, 2001   MUERI    10.84 
Eppley PSP  18858F3  February 10, 1998  BoM  98/003  10.90 
Eppley PSP  18858F3  March 2, 1994  BoM  94/0011  10.80 
Table A-1 Pyranometer Calibration History 
 
CM11 - Serial Number 850908 was the principal pyranometer used in this work. 
CM11 - Serial Number 840632 is a reference pyranometer that was used in the 
monitoring system when the principal pyranometer was sent away for repair and re-
calibration. 
CM11 - Serial Number 945582 is another reference pyranometer that was used to 
calibrate the Eppley PSP. Appendix A: Calibration of Test Equipment 
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Eppley PSP - Serial Number 18858F3, this was introduced in February 2001 to record 
Horizontal Irradiance due to the break down of the NEDO project data acquisition 
system which had been providing the horizontal irradiance for use in later simulations. 
A.1.1 Eppley  Pyranometer Calibration Report 
Test Pyranometer:  Eppley PSP 
 
Serial No.   18858F3 
 
Sensitivity: 10.84  μVm2 W
-1 
Standard Deviation:    0.14 or 1.3 % 
Absolute Uncertainty: 95% Confidence level uncertainty: 3.3%   
 
Reference instrument:   Pyranometer, Kipp & Zonen CM11 
Serial  No    945582 
Calibrated:                 December 2000, Bureau of Meteorology, Melbourne Victoria. 
Reference Scale:  Secondary Standard, traceable to WRR 
 
Calibration Method:  ISO 9847:192 (E). - Type la, horizontal calibration.  
Stable, cloudless sky conditions (ISO, 1992) 
 
Calibration Site:  Murdoch University Energy Research Institute 
Elevation:   21.5m  
Latitude: 32°  4.1’   
Longitude:  115° 50.25’ E 
 
Calibration Period:  January 30 & 31, February 1 & 2 2001 Appendix A: Calibration of Test Equipment 
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Number of Measurements:  41 measurement series, 36 series consisting of 41 single 
readings each, 1 series each of 40, 36, 34, 33, and 21 readings. 
Range of Validity:  Zenith angle 15° - 70°, global irradiance level 340 Wm-2 to 1087 
Wm-2, ambient temperature 10° to 37°. 
 
Calibration performed by:  Anna Carr 
 
Summary of Error Analysis 
Errors have been calculated following the procedures given by NATA in, Assessment of 
Uncertainties of Measurement for calibration and testing laboratories  (Cook, 1999). 
Component  Unit
s 
Dist.  U  Divisor  vi  ui  ci  uici  (uici)^2  (uici)^4/vi 
Ref Pyr (K&Z)  %  norm  2  2  30  1  1  1  1  0.0333333 
V ref 
(Datataker)  %  norm  0.1  2  50  0.05  1  0.05  0.0025  1.25E-07 
V test 
(Datataker)  %  norm  0.1  2  50  0.05  1  0.05  0.0025  1.25E-07 
F(j)  %  norm  0.2  1  40  0.2  1  0.2  0.04  0.00004 
Eppley PSP, 
Temperature 
Dependence 
%  rect  1  1.7321  30  0.5774  1  0.5774  0.33333  0.0037037 
Eppley PSP 
Linearity  %  rect  0.5  1.7321  30  0.2887  1  0.2887  0.08333  0.0002315 
Eppley PSP 
Cosine error  %  rect  2  1.7321  30  1.1547  1  1.1547  1.33333  0.0592593 
      Sums            2.795  0.096568 
      Combined Standard uncertainty    uc  1.67183   
      Effective degrees of 
freedom      v eff  80.8966   
      Coverage factor, k=students t for veff and 
CL95%  k  1.99   
      Expanded uncertainty U=kuc      3.32693   
      Rounded U95          3.3  % 
Table A-2 Error Analysis Summary 
 
The uncertainty value attributed to the test pyranometer has been determined from the 
combined standard uncertainties.  The standard uncertainties listed above were taken 
from the following information. 
 
The calibrated reference pyranometer has a stated 95% confidence level uncertainty of 
2%, and a coverage value of 2 was assumed. 
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The Datataker DT50 data logger (Data Electronics, 1995a) used to measure the voltages 
of both pyranometers has an accuracy of ± 0.1% on the 25mV scale being used and so 
this affects both Vf and Vr.  This was taken as a normal distribution, due to the quality 
of the instrument. 
 
The value F, (calculated calibration factor of test pyranometer), had a standard deviation 
of 1.3%, and an ESDM of 0.2%. 
 
The test pyranometer has the following specifications (Eppley Laboratory Inc.). 
Temperature dependence:  ± 1.0% over ambient temperature range. 
Linearity:       ± 0.5% from 0 to 2800Wm-2 
Cosine:      ± 1.0% from normalisation 0-70 deg.  
zenith angle;      ± 3.0% 70-80 deg. zenith angle. 
 
A conservative estimate of a rectangular distribution was made for all these values.  The 
cosine error was estimated to be 2%, after consideration of the relationship between the 
deviation from the mean F value of the calculated values of F(j) and the zenith angle of 
the particular series. See Table A-4. Appendix A: Calibration of Test Equipment 
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Series  Date  Time 
of Day 
number 
of 
readings 
F(ij) ave  std dev F(ij)  STD DEV %  ESDM 
1  30/01/01  12:35  41  0.0918  2.42979E-05  0.03%  0.0041% 
2  30/01/01  13:20  41  0.0918  6.97315E-05  0.08%  0.0119% 
3  30/01/01  13:47  41  0.0917  5.93735E-05  0.06%  0.0101% 
4  30/01/01  15:50  41  0.0927  0.000130516  0.14%  0.0220% 
5  30/01/01  16:45  41  0.0933  0.000317857  0.34%  0.0532% 
6  31/01/01  8:27  41  0.0942  7.24559E-05  0.08%  0.0120% 
7  31/01/01  9:18  41  0.0931  0.000106809  0.11%  0.0179% 
8  31/01/01  10:46  41  0.0923  8.5223E-05  0.09%  0.0144% 
9  31/01/01  11:22  41  0.0920  9.06574E-05  0.10%  0.0154% 
10  31/01/01  7:40  41  0.0957  0.000562374  0.59%  0.0918% 
11  31/01/01  8:13  21  0.0939  6.36047E-05  0.07%  0.0148% 
12  31/01/01  12:30  36  0.0915  3.06069E-05  0.03%  0.0056% 
13  31/01/01  13:00  41  0.0914  7.0204E-05  0.08%  0.0120% 
14  31/01/01  13:21  41  0.0913  3.94235E-05  0.04%  0.0067% 
15  31/01/01  13:40  41  0.0914  4.41028E-05  0.05%  0.0075% 
16  31/01/01  14:00  34  0.0913  4.12577E-05  0.05%  0.0077% 
17  31/01/01  14:20  41  0.0915  6.89621E-05  0.08%  0.0118% 
18  31/01/01  14:40  41  0.0914  6.53615E-05  0.07%  0.0112% 
19  31/01/01  15:00  41  0.0914  7.4455E-05  0.08%  0.0127% 
20  31/01/01  15:20  41  0.0916  0.000149779  0.16%  0.0255% 
21  31/01/01  15:50  41  0.0924  0.000108231  0.12%  0.0183% 
22  1/02/01  7:40  41  0.0959  0.00038988  0.41%  0.0635% 
23  1/02/01  8:17  41  0.0940  0.000114534  0.12%  0.0190% 
24  1/02/01  8:40  41  0.0941  0.000176994  0.19%  0.0294% 
25  1/02/01  9:00  41  0.0935  0.000141582  0.15%  0.0237% 
26  1/02/01  9:20  33  0.0931  0.000107248  0.12%  0.0201% 
27  1/02/01  9:45  41  0.0926  5.95308E-05  0.06%  0.0100% 
28  1/02/01  10:10  41  0.0924  7.21904E-05  0.08%  0.0122% 
29  1/02/01  10:40  40  0.0921  6.20172E-05  0.07%  0.0106% 
30  1/02/01  11:10  41  0.0920  7.93925E-05  0.09%  0.0135% 
31  1/02/01  11:30  41  0.0918  7.36015E-05  0.08%  0.0125% 
32  1/02/01  12:00  41  0.0916  6.35599E-05  0.07%  0.0108% 
33  1/02/01  12:30  41  0.0914  5.30079E-05  0.06%  0.0091% 
34  1/02/01  12:50  41  0.0913  3.96388E-05  0.04%  0.0068% 
35  1/02/01  13:20  41  0.0912  5.3123E-05  0.06%  0.0091% 
36  1/02/01  13:45  41  0.0911  2.23063E-05  0.02%  0.0038% 
37  1/02/01  14:10  41  0.0912  3.80181E-05  0.04%  0.0065% 
38  1/02/01  14:35  41  0.0913  2.47571E-05  0.03%  0.0042% 
39  1/02/01  15:00  41  0.0914  4.3349E-05  0.05%  0.0074% 
40  1/02/01  15:25  41  0.0916  8.73626E-05  0.10%  0.0149% 
41  1/02/01  15:50  41  0.0920  0.000102359  0.11%  0.0174% 
            Max  0.0918% 
            Min  0.0038% 
Table A-3 Results showing the stability of each series (ij). 
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Series  Date  Time 
of Day 
Zenith 
Angle 
(degrees) 
number 
of 
readings 
F(j)  Dev of F(j) 
from F 
1  30/01/01  12:35  14.24  41  0.092  -0.46% 
2  30/01/01  13:20  18.21  41  0.092  -0.54% 
3  30/01/01  13:47  22.52  41  0.092  -0.60% 
4  30/01/01  15:50  47.17  41  0.093  0.42% 
5  30/01/01  16:45  58.81  41  0.093  1.15% 
6  31/01/01  8:27  56.17  41  0.094  2.04% 
7  31/01/01  9:18  45.39  41  0.093  0.92% 
8  31/01/01  10:46  27.47  41  0.092  -0.02% 
9  31/01/01  11:22  21.02  41  0.092  -0.27% 
10  31/01/01  7:40  66.26  41  0.096  3.65% 
11  31/01/01  8:13  59.30  21  0.094  1.81% 
12  31/01/01  12:30  14.74  36  0.092  -0.83% 
13  31/01/01  13:00  16.25  41  0.091  -0.96% 
14  31/01/01  13:21  18.74  41  0.091  -1.03% 
15  31/01/01  13:40  21.66  41  0.091  -0.93% 
16  31/01/01  14:00  25.15  34  0.091  -1.02% 
17  31/01/01  14:20  28.92  41  0.091  -0.87% 
18  31/01/01  14:40  32.86  41  0.091  -0.93% 
19  31/01/01  15:00  36.92  41  0.091  -0.91% 
20  31/01/01  15:20  41.06  41  0.092  -0.71% 
21  31/01/01  15:50  47.35  41  0.092  0.11% 
22  1/02/01  7:40  66.43  41  0.096  3.89% 
23  1/02/01  8:17  58.62  41  0.094  1.92% 
24  1/02/01  8:40  53.75  41  0.094  1.93% 
25  1/02/01  9:00  49.52  41  0.093  1.30% 
26  1/02/01  9:20  45.31  33  0.093  0.86% 
27  1/02/01  9:45  40.09  41  0.093  0.40% 
28  1/02/01  10:10  34.97  41  0.092  0.16% 
29  1/02/01  10:40  29.02  40  0.092  -0.19% 
30  1/02/01  11:10  23.50  41  0.092  -0.32% 
31  1/02/01  11:30  20.23  41  0.092  -0.47% 
32  1/02/01  12:00  16.48  41  0.092  -0.72% 
33  1/02/01  12:30  15.02  41  0.091  -0.97% 
34  1/02/01  12:50  15.69  41  0.091  -1.09% 
35  1/02/01  13:20  18.81  41  0.091  -1.21% 
36  1/02/01  13:45  22.67  41  0.091  -1.23% 
37  1/02/01  14:10  27.15  41  0.091  -1.19% 
38  1/02/01  14:35  31.99  41  0.091  -1.10% 
39  1/02/01  15:00  37.04  41  0.091  -0.98% 
40  1/02/01  15:25  42.21  41  0.092  -0.74% 
41  1/02/01  15:50  47.45  41  0.092  -0.28% 
      average  F =  0.092   
      stdev    0.001   
      stdev %    1.3%   
      esdm %    0.20%   
Table A-4 Results showing variance of F (j) with zenith angle, and the statistical evaluation of F. Appendix A: Calibration of Test Equipment 
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A.2 Anemometer 
Whilst the wind speed is used in the simulation part of this project, for this project's 
purposes a Class 2 calibration and performance standard, as defined in the Australian 
standard AS 2923-1987 (Standards Australia, 1987), is all that is required.  And so the 
calibration was not done annually, but only at the start of the project.  The resulting 
calibration and error estimate was in line with the typical values listed in the above 
standard.  
 
Calibration of the NRG Systems Type 40 Maximum Anemometer (S/N OTC-371) was 
performed by comparing side-by-side readings of the tested anemometer with a 
reference anemometer that had been calibrated and certified by the manufacturer. 
 
The reference anemometer was also an NRG Maximum Type 40 Anemometer, S/N 
5448, with a calibration report dated September 14, 1999; it had been calibrated using a 
NIST traceable standard.  The transfer function for wind speed (m/s), as a function of 
pulses or counts per second was given as: 
 
Wind Speed = 0.7584 (m/s/Hz) * counts/sec (Hz) + 0.438 (m/s)  
Standard Error = 0.066 m/s  (Otech Engineering, 1999). 
The anemometers were installed on a seven metre monitoring tower in the MUERI 
compound, and their output was logged over a period of 7 days, between January 17, 
2000 and January 24, 2000. 
 
Measurements were made every second and then an average over 10 minutes was 
recorded. Appendix A: Calibration of Test Equipment 
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The average wind speeds recorded in this time interval ranged from zero to 10 m/s, 
while the highest instantaneous wind speed value recorded was 27.7m/s. 
 
The data was logged using the high-speed counter capability on a Datataker DT50 data 
logger (Data Electronics, 1995a), a function with a resolution of 1 count.  The resulting 
error was taken as ± 0.5 counts, which is then, for the purposes of further error analysis, 
converted to m/s, based on ± 0.5 counts over 10 minutes, or 600 seconds, see Table A-5. 
 
A total of 986 data points were collected during the test week and the following graph, 
(Figure A-1), shows the results of the calibration including the coefficients determined 
by the line of best fit for the data. 
Line of best fit equation
y = 0.7745x + 0.5029
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Figure A-1 Wind speed (measured by reference anemometer, S/N 5448) Vs Counts/sec (test 
anemometer S/N OTC-371) 
 
The results give a transfer function for the tested anemometer of: 
Wind Speed = 0.7745 (m/s/Hz) * counts/sec (Hz) + 0.5029 (m/s) 
Standard Error in transfer function = .066m/s Appendix A: Calibration of Test Equipment 
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Total uncertainty of wind measurement system = ± 0.7m/s 
Component  Units  Dist.  U 
Divi
sor  vi  ui  ci  uici  (uici)^2  (uici)^4/vi 
Ref 
Anemometer 
calibration 
factors  m/s  norm  0.066  2  30  0.033  1  0.033  0.001089  3.95E-08 
ref 
(Datataker)  m/s  norm  0.438  2  50  0.219  1  0.219  0.047961  4.6E-05 
test 
(Datataker)  m/s  norm  0.5  2  50  0.25  1  0.25  0.0625  7.81E-05 
F(j)  m/s  norm  0.066  2  985  0.033  1  0.033  0.001089  1.2E-09 
      Sums            0.112639  0.000124 
     
Combined Standard 
uncertainty  m/s    uc  0.335617   
     
Effective degrees of 
freedom      v eff  102.1781   
     
Coverage factor, k=students t for veff and 
CL95%  k  1.98   
     
Expanded uncertainty 
U=kuc  m/s      0.664522   
      Rounded U95    m/s      0.7  m/s 
Table A-5 Error analysis for anemometer calibration  Appendix A: Calibration of Test Equipment 
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A.3 Data  Logger 
The channels of the DT600 Datataker and expansion module used in the data 
acquisition system were checked to ensure they conformed to the manufacturer’s 
specifications of 0.15% of full scale (Data Electronics, 1995b). 
 
The calibrated HP3457A multimeter was used to measure constant voltages in the three 
voltage ranges, ± 25mV, ± 250mV and ± 2500mV, and compare the results with the 
voltage measured by the DT600.   
 
Tests on the high voltage range were performed using a 1.5V D Cell battery as a power 
source. The voltage was monitored by both the data logger and the HP multimeter. An 
averaging routine was used on the data logger, sampling the data at the maximum rate, 
then averaging every 10 seconds.  The power source was very stable, making averaging 
unnecessary on the HP multimeter. 
 
The tests in the middle voltage range of the data logger were performed using a voltage 
output from the digital power supply (3 Volts).  This was monitored across a voltage 
divider, which consisted of 3 resistors in series (470ohm, 10Kohm and 47ohm) to 
reduce the measured voltage to approximately 150mV.  The data logger and multimeter 
were grounded together and the averaging functions on both the data logger and 
multimeter used to eliminate noise from the results. 
 
The 2.5mV low voltage range was also tested using the power supply and voltage 
divider system, but was found to be too noisy for reliable results.  To provide a stable 
voltage in the low range a Kipp and Zonen CM10 pyranometer was illuminated by a Li-Appendix A: Calibration of Test Equipment 
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Cor 1800-02 Optical Radiation Calibrator.  As the lamp output of this equipment is very 
stable the pyranometer maintains a very stable output voltage of approximately 2mV. 
 
The DT600 Datataker data logger performed to its expected standard in all voltage 
ranges. The accuracy of the data logger and its expansion module appear to be similar.  
The average percentage error in the data logger is 0.041% and the expansion module 
has an average percentage error of 0.053%.  The errors are all well within the 0.15% of 
full scale error quoted by the manufacturer. 
 
 Appendix A: Calibration of Test Equipment 
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A.4 Temperature  Sensors 
The temperature sensors installed on the monitoring system are AD592CN, Precision IC 
Temperature Transducers manufactured by Analog Devices.  Before being installed in 
the system the devices were tested to determine their compliance with the 
manufacturer’s specifications, and to assign an overall estimate of the error in the 
measurement of temperature on the system. 
 
Three series of tests were performed on the sensors. 
 
The first two sets of tests were done using the Constant Temperature Test Facility 
available at MUERI. The temperature was set to various values between 0°C and 30°C.  
A calibrated, platinum RTD (Resistance Temperature Detector) was used as a reference 
and the temperature measured by the sensors was compared to the temperature 
measured by the RTD. 
 
A temperature setting was made. The facility and sensors were allowed to reach 
equilibrium and then left for extended periods.  
 
A Datataker DT605 data logger (Data Electronics, 1995c) was used to monitor the test 
sensors and the RTD.  
 
The RTD resistance was determined using a 4 wire resistance measurement and external 
shunts were used to measure the sensors.  
 
Ten-second averages of one-second measurements were recorded by the DT605. Appendix A: Calibration of Test Equipment 
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The second set of tests consisted of monitoring all of the sensors overnight as the 
constant temperature test facility was allowed to cool down naturally, which provided 
information about the response of the sensors. 
 
In the final test the sensors were installed on the monitoring system and immersed in a 
crushed ice / distilled water solution to check the zero point measured through the whole 
system. 
 
Approximately 12 months later this final check was performed again to confirm that the 
sensors had not drifted. 
 
Table A-6 shows the combined uncertainty in the measurements performed in the 
constant temperature test facility and based on measurement at 25°C.  
 
Component  Units  Dist.  U  Divisor  vi  ui  ci  uici  (uici)^2  (uici)^4/v
i 
Resistance Ro  ohms  Norm  0.009  1.414  30  0.006  -
2.805 
-
0.018  3.19E-04  3.39E-09 
Resistance Rt  ohms  Norm  0.11  1.414  30  0.078  2.556  0.199  3.95E-02  5.21E-05 
Polynomial  °C  Rect  0.01  1.732  200  0.006  1  0.006  3.33E-05  5.56E-12 
AD592 Accuracy  °C  Norm  0.5  2.000  30  0.250  1  0.25  6.25E-02  1.30E-04 
AD592 Linearity  °C  Norm  0.05  2.000  30  0.025  1  0.025  6.25E-04  1.30E-08 
Shunt Resistor  Ohms  Rect  0.15  1.732  50  0.087  -
2.982 
-
0.258  6.67E-02  8.90E-05 
Datataker mV  μV  Norm  32.802  2.000  50  16.401  0.01  0.164  2.69E-02  1.45E-05 
      Sums            0.197  2.86E-04 
      Combined Standard uncertainty    uc  0.443   
      Effective degrees of freedom    v eff  135.267   
      Coverage factor, k=students t for veff and 
CL95%  k  1.98   
      Expanded uncertainty U=kuc      0.878   
      Rounded U95          0.90  °C 
Table A-6 Summary of Uncertainty Analysis for AD592 Calibration Check 
 
The standard uncertainties used in the calculation are taken from the manufacturers' 
figures and certified calibration reports. Appendix A: Calibration of Test Equipment 
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The platinum resistance thermometer, serial No. F – 08646, has been calibrated and 
certified by the National Measurement Laboratory at the Commonwealth Scientific and 
Industrial Research Organisation, Australia.  Report number RN41977, dated 13 June 
2000 provides the following information. 
 
R(0°C) = 100.0345 ohm 
 
t (°C) = a. [W(t)-1] + b. [W(t)-1]2 + c. [W(t)-1]3 
 
where 
a = 255.570  °C 
b = 9.937    °C 
c = 0.718    °C 
 
and W(t) = R(t °C) / R(0°C)  
with R(t °C) being the measured resistance at temperature t. 
 
The uncertainty in R (0°C) is given as 0.01 ohm.  Uncertainty in the calibration 
polynomial is given as 0.01°C, at a confidence level of 95% and a coverage factor of 2. 
  
The uncertainty value used for R(t °C), is based on the ± .11% given for voltage 
measurement in the data logger specifications (Data Electronics, 1995c).  
 
The accuracy and linearity of the AD592CNs is based on the stated values given in the 
specifications, (Analog Devices, 1998).   Appendix A: Calibration of Test Equipment 
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The AD592CNs are monitored across external shunt resistors.  These resistors are 
Welwyn Precision Metal Film resistors of 100 ohm ± .1%, 0.125W, valid for a 
temperature range of -55°C to 155°C.  The resistance values of these devices was 
checked using a Hewlett Packard Digital Multimeter HP3457A (Hewlett-Packard, 
1986).  Two of the resistors were found to be outside the 0.1% range taking into 
consideration the measurement error of the HP3457A.  An uncertainty of 0.15% has 
been chosen to take this into account. 
 
The uncertainty in the measurement of the AD592CN is based on the tolerance of the 
shunt resistor and the uncertainty of 0.11% of the data logger in its voltage 
measurement across the shunt resistor.  The latter value is estimated from the expected 
current output of the AD592CN of 298.2μA at 25°C producing a voltage of 29820μV 
across the 100ohm shunt resistor.   
 
The resulting combined uncertainty at a 95% confidence level is 0.9 °C 
 
As can be seen from Table A-7 and Figure A-2, all the tests performed in the constant 
temperature test facility showed the AD592 measurements within that limit when 
compared to the temperatures measured by the RTD. 
 
RTD 
Temperature 
(°C) 
#2 
(°C) 
#3 
(°C) 
#4 
(°C) 
#6 
(°C) 
#7 
(°C) 
#8 
(°C) 
#9  
(°C) 
0.02  -0.01  -0.12  -0.33  -0.42  0.05  0.12  -0.12 
11.03  0.13  0.04  -0.11  -0.25  0.20  0.35  0.10 
15.48  0.01  -0.12  -0.29  -0.33  0.04  0.23  0.02 
20.53  0.07  -0.10  -0.23  -0.27  0.09  0.27  0.09 
25.32  0.08  -0.13  -0.23  -0.24  0.07  0.23  0.14 
30.41  -0.09  -0.33  -0.44  -0.32  -0.14  0.09  0.08 
Table A-7 The average difference between the temperature measured by the test sensors and that 
measured by the calibrated platinum resistance thermometer (RTD) in °C. Appendix A: Calibration of Test Equipment 
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AD592 calibration, Average, Maximum & Minimum differences (absolute), between 
sensor and RTD for overnight cooling down process
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Figure A-2 Differences in temperature measurements between test sensors and calibrated RTD 
during cooling down process. 
 
Table A-8 provides the calculated uncertainty in the ice point measurements. Table A-9 
shows the results of the two sets of ice point tests and also shows that these results are 
within the calculated uncertainty.   
 
Component  Units  Dist.  U  Divisor  vi  ui  ci  uici  (uici)^2  (uici)^4/v
i 
AD592 Accuracy  °C  Norm  0.5  2.0  30  0.250  1  0.25  0.063  1.30E-04 
AD592 Linearity  °C  Norm  0.05  2.0  30  0.025  1  0.025  0.001  1.30E-08 
Shunt Resistor  Ohms  Rect  0.15  1.732  50  0.087  -
2.982  -0.258  0.067  8.90E-05 
Datataker mV  μV  Norm  32.802  2.0  50  16.401  0.01  0.164  0.027  1.45E-05 
      Sums            0.157  2.34E-04 
      Combined Standard uncertainty    uc  0.396   
      Effective degrees of freedom    v eff  105.115   
      Coverage factor, k=students t for veff and CL95%  k  1.98   
      Expanded uncertainty U=kuc      0.784   
      Rounded U95          0.8  °C 
Table A-8 Ice point uncertainty calculation table. 
 
 
 Appendix A: Calibration of Test Equipment 
 
  A-17
Date of Test  #2 
(°C) 
#3 
(°C) 
#4 
(°C) 
#6 
(°C) 
#7 
(°C) 
#8 
(°C) 
#9  
(°C) 
July 25, 2000  0  0.2  -0.1  -0.5  0.2  0.2  0 
August 16, 
2001  0  0.3  0  -0.4  0.3  0.1  0 
Table A-9 Results of ice/distilled water solution zero point tests, showing temperature (°C) read by 
each sensor through complete system. 
 
Based on the results of these calibration checks an uncertainty value of ± 1°C has been 
applied to temperature measurements on the monitoring system. 
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A.5  Maximum Power Point Trackers 
A.5.1  Current Shunt and Voltage Divider Calibration 
A.5.1.1  Current shunt calibration 
A calibrated Hewlett Packard 34970A multi-meter (Hewlett Packard, 1997) was used to 
measure current in the circuit of the maximum power point tracker, and a Hewlett 
Packard HP 3457A multi-meter (Hewlett-Packard, 1986) was used to measure the 
voltage across the shunt resistor.  The MPPTs are shorted across the load to ensure 
isolation of the shunt resistor. The current source was a GPC - 3030 D dual tracking 
power supply and the current was adjusted to nominally 1 Amp using a large variable 
resistor.   
 
The instruments were turned on and allowed to warm up for several hours, and the room 
temperature was maintained well within the recommended operating temperatures for 
the instruments. 
 
Table A-10 shows the results of the most recent calibration along with the details of the 
calibration. 
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Calibration of mppts
 Calibration of current sense resistors in mppt using HP34970A to measure current and HP3457A to measure voltage
Date 16-Aug-01
Temperat
ure 24 deg 14:30
Range 1A Range 300mV
Error in Current = 0.100% of reading +0.01% of range 5 1/2 digits 10PLC
Error in voltage = .0035% of reading + (4x1e-6V) # of counts = 40 x 0.1(5/12 digits) count = 1 microvolt
Tracker Current
Error in 
Current 
Amps
% error in 
current
Voltage 
mV
Voltage 
volts
Error in 
Voltage V
% error in 
voltage
Resistance 
mOhms
Error in 
Resistance
Absolute 
error in 
resistance 
mOhms
0 1.005814 0.001106 0.110% 47.125 0.0471 5.6494E-06 0.012% 46.853 0.122% 0.0571
1 1.005123 0.001105 0.110% 48.669 0.0487 5.7034E-06 0.012% 48.421 0.122% 0.0589
2 1.005595 0.001106 0.110% 48.570 0.0486 5.7E-06 0.012% 48.300 0.122% 0.0588
3 1.005789 0.001106 0.110% 48.419 0.0484 5.6947E-06 0.012% 48.140 0.122% 0.0586
4 1.006271 0.001106 0.110% 47.651 0.0477 5.6678E-06 0.012% 47.354 0.122% 0.0577
5 1.005896 0.001106 0.110% 47.393 0.0474 5.6588E-06 0.012% 47.115 0.122% 0.0574
6 1.006153 0.001106 0.110% 47.467 0.0475 5.6613E-06 0.012% 47.177 0.122% 0.0575
Error in current reading = error in resistance + error in data taker  
Table A-10 Calibration results of MPPT current shunts. 
A.5.1.2  Voltage divider calibration 
Calibration of the voltage dividers was performed immediately after the current shunt 
calibrations described above, and under the same conditions.  Isolation of the voltage 
dividers was achieved by leaving the MPPTs in an open circuit condition.  The input 
voltage, nominally 10 Volts, was provided by the GPC - 3030 D dual tracking power 
supply, and the front and rear terminals of the HP3457A (Hewlett-Packard, 1986) were 
used to measure the input and output voltages.   
 
Table A-11 shows the results of the most recent voltage divider calibrations along with 
the details of the calibration process. 
 Calibration of voltage divider resistors (1k + 110) in mppt HP3457A to measure input and output voltage on front and rear terminals
Date 16-Aug-01 Temperature 24 deg Time 15:00
Range Voltage in Error 5 1/2 digits 10PLC
30V Error in voltage = .004% of reading + (2x100e-6V) digit 100e-6V
Voltage out 5 1/2 digits 10PLC
3V Error in voltage = .0025% of reading + (.7x10e-6V) digit 10e-6V
Tracker Voltage in
Error in 
Voltage (V)
% error in 
Vin Voltage out
Error in Vout 
(V)
% Error in 
Vout
Divider 
value
% Error in 
Divider 
value
Absolute 
Error in 
Divider 
value
0 10.193 0.00060772 0.0060% 1.01018 3.22545E-05 0.0032% 10.090 0.0092% 0.00092
1 10.193 0.00060772 0.0060% 1.01151 3.22878E-05 0.0032% 10.077 0.0092% 0.00092
2 10.1929 0.000607716 0.0060% 1.01143 3.22858E-05 0.0032% 10.078 0.0092% 0.00092
3 10.1931 0.000607724 0.0060% 1.01257 3.23143E-05 0.0032% 10.067 0.0092% 0.00092
4 10.1933 0.000607732 0.0060% 1.01085 3.22713E-05 0.0032% 10.084 0.0092% 0.00092
5 10.1931 0.000607724 0.0060% 1.00905 3.22263E-05 0.0032% 10.102 0.0092% 0.00092
6 10.1929 0.000607716 0.0060% 1.00546 3.21365E-05 0.0032% 10.138 0.0092% 0.00093 
Table A-11 Calibration results of MPPT voltage dividers Appendix A: Calibration of Test Equipment 
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The current shunt and voltage divider calibrations found little drift in the values, and 
showed that the standard deviation for the voltage dividers had a maximum of 0.06% 
and the current shunts had a maximum standard deviation of 0.33%. 
A.5.2  Maximum Power Point Tracking Efficiency 
Figure A-3 presents an example of the error distribution in the maximum power point 
tracker tracking efficiency tests.  More than 88% of the data points have an error less 
than 0.3%.  
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Figure A-3 A histogram showing the difference distribution in programmed and tracked power. Appendix A: Calibration of Test Equipment 
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A.6  In House Calibration and Test Equipment  
Table A-12 provides a summary of the calibration history and details of equipment used 
in the checks described. 
 
Equipment  Model 
Number 
Serial 
Number 
Calibration 
Date 
Calibration 
Laboratory 
Calibration 
Certificate 
Number 
Platinum 
Resistance 
Thermometer 
  F-08646 
  June 13, 2000 
National 
Measurement 
Laboratory, 
CSIRO, NSW 
RN41977 
Anemometer 
NRG 
Maximum 
Type 40 
5448  September 14, 
1999 
Otech 
Engineering 
(NIST 
Traceable) 
R0000914.A99 
Multi-meter  HP3457A  3114A13841  August 26, 1998 
ADI Ltd. 
(NATA 
endorsed) 
J106893P 
Multi-meter  HP3457A  3114A13841  March 28, 2000 
Agilent 
Technologies 
(NATA 
endorsed) 
9066B507301/00 
Multi-meter  HP3457A  3114A13841  April 26, 2001 
Agilent 
Technologies 
(NATA 
endorsed) 
9066C336601/01 
Multi-meter 
Data 
Acq/switch 
unit 
HP34970A  US37013727  December 14, 
1998 
Hewlett 
Packard 
Time of 
Manufacture 
Multi-meter 
Data 
Acq/switch 
unit 
HP34970A  US37013727  March 31, 2000 
Agilent 
Technologies 
(NATA 
endorsed) 
9066B507501/00 
Multi-meter 
Data 
Acq/switch 
unit 
HP34970A  US37013727  April, 27 2001 
Agilent 
Technologies 
(NATA 
endorsed) 
9066C336701/01 
Solar Array 
Simulator  HPE4350B  US37410261  February, 8 
2001 
Agilent 
Technologies 
(NIST 
Traceable) 
E4350BUS37410
261 
Table A-12 Calibration dates and certificates 
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B Computer  Programmes 
B.1  Data Logger Command Programme 
\'Program for DT600, PV maximum power output monitoring system, 
\'MUERI, Murdoch University, 
\'Written by Anna J. Carr, July 28 2000. 
RESET 
\W5 
S1=0,10.077,0,1000       \'VOLTAGE CAL MPPT 1 
S2=0,10.078,0,1000      \'VOLTAGE CAL MPPT 2 
S3=0,10.067,0,1000      \'VOLTAGE CAL MPPT 3 
S4=0,10.084,0,1000      \'VOLTAGE CAL MPPT 4 
S5=0,10.102,0,1000      \'VOLTAGE CAL MPPT 5 
S6=0,10.138,0,1000      \'VOLTAGE CAL MPPT 6 
S7=0,1,0,48.421    \'CURRENT  CAL  1 
S8=0,1,0,48.300    \'CURRENT  CAL  2 
S9=0,1,0,48.140    \'CURRENT  CAL  3 
S10=0,1,0,47.354    \'CURRENT  CAL  4 
S11=0,1,0,47.115    \'CURRENT  CAL  5 
S12=0,1,0,47.177       \'CURRENT CAL 6 
S13=0,1000,0,4.83     \'IRRADIANCE CAL KIPP & ZONEN 
PYRANOMETER REF 
S14=0,1000,0,10.84    \'IRRADIANCE CAL EPPLEY 18858F3 
S15=0,10.090,0,1000     \'VOLTAGE CAL MPPT 0 
S16=0,1,0,46.853    \'CURRENT  CAL  0 
\'INITIALISE CHANNEL VARIABLES Appendix B: Computer Programmes 
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1..28CV(W)=0 
BEGIN 
\'DEFINE FIRST SCAN SCHEDULE 
RA1S 
5V(S1,=1CV,W)      \'MPPT1  VOLTAGE 
6V(S7,=2CV,W)      \'MPPT1  CURRENT 
3CV(W)=1CV*2CV      \'MPPT1  POWER 
19CV(W)=3CV+19CV    \'RUNNING TOTAL OF POWER FOR 
AVERAGING 1 
 
1:3V(S15,=4CV,W)      \'MPPT0  VOLTAGE 
1:4V(S16,=5CV,W)      \'MPPT0  CURRENT 
6CV(W)=4CV*5CV      \'MPPT0  POWER 
20CV(W)=6CV+20CV    \'RUNNING TOTAL OF POWER FOR 
AVERAGING 0 
 
1:1V(S3,=7CV,W)      \'MPPT3  VOLTAGE 
1:2V(S9,=8CV,W)      \'MPPT3  CURRENT 
9CV(W)=7CV*8CV      \'MPPT3  POWER 
21CV(W)=9CV+21CV    \'RUNNING TOTAL OF POWER FOR 
AVERAGING 3 
 
3HSC(=26CV,R,W)    \'COUNTS/SECOND  ANEMOMETER 
27CV(W)=((26CV*0.7745)+.5029) \'WIND SPEED M/S 
28CV(W)=27CV+28CV          \'RUNNING TOTAL OF WIND SPEED FOR 
AVERAGING Appendix B: Computer Programmes 
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1:5V(S4,=10CV,W)      \'MPPT4  VOLTAGE 
1:6V(S10,=11CV,W)      \'MPPT4  CURRENT 
12CV(W)=10CV*11CV     \'MPPT4 POWER 
22CV(W)=12CV+22CV    \'RUNNING TOTAL OF POWER FOR 
AVERAGING 4 
1:7V(S5,=13CV,W)      \'MPPT5  VOLTAGE 
1:8V(S11,=14CV,W)      \'MPPT5  CURRENT 
15CV(W)=13CV*14CV     \'MPPT5 POWER 
23CV(W)=15CV+23CV    \'RUNNING TOTAL OF POWER FOR 
AVERAGING 5 
 
1:9V(S6,=16CV,W)    \'MPPT6  VOLTAGE 
1:10V(S12,=17CV,W)  \'MPPT6  CURRENT 
18CV(W)=16CV*17CV     \'MPPT6 POWER 
24CV(W)=18CV+24CV    \'RUNNING TOTAL OF POWER FOR 
AVERAGING 6 
 
25CV("COUNT",W)=25CV+1 \'COUNTER 
 
\'DEFINE SECOND SCAN SCHEDULE 
RB10M 
5V(S1,AV)     \'AVERAGE  MPPT1  VOLTAGE 
6V(S7,AV)     \'AVERAGE  MPPT1  CURRENT 
19CV=19CV/25CV    \'AVERAGE  MPPT1  POWER Appendix B: Computer Programmes 
 
  B-4
1*AD590(N,X,AV)      \'AVERAGE  MPPT1  MODULE 
TEMPERATURE 
 
1:3V(S15,AV)     \'AVERAGE  MPPT0  VOLTAGE 
1:4V(S16,AV)     \'AVERAGE  MPPT0  CURRENT 
20CV=20CV/25CV    \'AVERAGE  MPPT0  POWER 
1+AD590(N,X,AV)      \'AVERAGE  MPPT0  MODULE 
TEMPERATURE 
 
1:1V(S3,AV)     \'AVERAGE  MPPT3  VOLTAGE 
1:2V(S9,AV)     \'AVERAGE  MPPT3  CURRENT 
21CV=21CV/25CV      \'AVERAGE  MPPT3  POWER 
1-AD590(N,X,AV)      \'AVERAGE  MPPT3  MODULE 
TEMPERATURE 
8V(S14,AV)     \'AVERAGE  HORIZONTAL  IRRADIANCE 
EPPLEY 
9V(S13,AV)     \'AVERAGE  POA  IRRADIANCE  K&Z 
3*AD590(N,X,AV)      \'AVERAGE  AMBIENT  TEMP 
28CV=28CV/25CV    \'AVERAGE  WIND  SPEED  IN  M/S 
 
1:5V(S4,AV)       \'AVERAGE  MPPT4  VOLTAGE 
1:6V(S10,AV)       \'AVERAGE MPPT4 CURRENT 
22CV=22CV/25CV      \'AVERAGE  MPPT4  POWER 
2*AD590(N,X,AV)      \'AVERAGE  MPPT4  MODULE 
TEMPERATURE 
1:7V(S5,AV)       \'AVERAGE  MPPT5  VOLTAGE Appendix B: Computer Programmes 
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1:8V(S11,AV)       \'AVERAGE MPPT5 CURRENT 
23CV=23CV/25CV      \'AVERAGE  MPPT5  POWER 
2+AD590(N,X,AV)      \'AVERAGE  MPPT5  MODULE 
TEMPERATURE 
 
1:9V(S6,AV)     \'AVERAGE  MPPT6  VOLTAGE 
1:10V(S12,AV)    \'AVERAGE  MPPT6  CURRENT 
24CV=24CV/25CV      \'AVERAGE  MPPT6  POWER 
2-AD590(N,X,AV)      \'AVERAGE  MPPT6  MODULE 
TEMPERATURE 
 
\'REINITIALISE CHANNEL VARIABLES 
1..28CV(W)=0 
 
RS1S 
END 
LOGON 
/o 
GA GB GS Appendix B: Computer Programmes 
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B.2  Offset Generator - MATLAB m-file Listing 
%program to generate offsets to be used in HP solar array simulator. 
%the program creates and STC IV curve given Voc, Isc, Vmp, Imp and the 
%temperature coefficients. 
%it then calculates the maximum power, voltage and current for different  
%module temperature and irradiance. 
%the position of the maximum power point in the new IV curve is then compared to  
%the same position in the original curve to calculate offset values for current and 
%voltage 
clear 
fid=fopen('newmetall.txt'); 
a=fscanf(fid,'%f %f',[2 inf]);    % It has two rows. 
a=a'; 
fclose(fid) 
Irrad=a(:,1); 
ModTemp=a(:,2); 
starttime=11.30; 
len=length(Irrad); 
%STC data based on Photowatt 750/70 module 
Voc=21.01;    %Open  circuit  voltage 
Isc=4.69;    %Short  circuit  current 
Vmp=16.03;    %Maximum  power  voltage 
Imp=4.22;    %Maximum  power  current 
Tco=25;    %Test  condition  Temperature 
Go=1000;    %Test  condition  Irradiance 
alpha=.00146;     %Temperature coefficient for current 
beta=-.0782;      %Temperature coefficient for voltage Appendix B: Computer Programmes 
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C2=((Vmp/Voc)-1)*(1/(log(1-(Imp/Isc)))); 
C1=(1-(Imp/Isc))*exp(-Vmp/(C2*Voc)); 
V=0:0.02:22;    %Voltage  range  and  increment to generate STC curve 
I=Isc*(1-C1*(exp(V./(C2*Voc))-1));  %Calculation of current from above voltage 
P=V.*I;      %Calculation of Power (at STC) vector 
Pmax=max(P);    %Determination of Maximum Power 
num=0;   %initialise  counter for Irradiance loop 
for Inc=1:1:len    %for loop to provide data for different  
    % I r r a d i a n c e  
num(Inc)=Inc;    %increment counter for irradiance loop 
Inew=I+(Isc*((Irrad(Inc)/Go)-1))+(alpha*(Tco-ModTemp(Inc)));    
%Adjust current for G and Tc 
Vnew=V+(beta*(ModTemp(Inc)-Tco));  %Adjust voltage for G and Tc 
Pnew=(Vnew.*Inew);    %Recalculate power using new current and 
voltage values 
Pmaxnew(Inc)=max(Pnew);    %load maximum power value for given 
temperature into array 
volts=Vnew'; 
amps=Inew'; 
long=length(volts); 
Power=volts.*amps; 
save=0; 
for  count=1:1:long-1      %finding Vmp, Imp and offsets 
P=Power(count); 
if P<Power(count+1); 
save=count+1; Appendix B: Computer Programmes 
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else 
save=save; 
end  
end 
Vmpcal(Inc)=volts(save); 
Impcal(Inc)=amps(save); 
Voffset(Inc)=volts(save)-V(save); 
Ioffset(Inc)=amps(save)-I(save); 
for  count3=1:1:long-1     %finding  Voc 
if Inew(count3)>=0 
save2=count3; 
else 
save2=save2; 
end 
end 
Voccal(Inc)=Vnew(save2); 
save3=1; 
for  count4=1:1:long-1     %finding  Isc 
if Vnew(count4)>0 
save3=save3; 
else 
save3=count4; 
end 
end 
Isccal(Inc)=Inew(save3); 
end       %Pmaxnew  vector Appendix B: Computer Programmes 
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%section to generate time file for plotting 
minutes=(starttime-round(starttime))*100;  
decminutes=minutes/60; 
decstarttime=round(starttime)+decminutes; 
newnum=decstarttime+num/3600; 
 
%writing Voffset and Ioffset to txt file offsets 
y=[Voffset;Ioffset]; 
z=fopen('offsets.txt','w'); 
fprintf(z,'Voffset,Ioffset\n\n'); 
fprintf(z,'%f  %f\n',y); 
fclose(z); 
 
%writing Vmp and Imp to txt file MPPs 
y2=[Vmpcal;Impcal]; 
z2=fopen('MPPs.txt','w'); 
fprintf(z2,'Vmp, Imp \n\n'); 
fprintf(z2,'%f  %f\n',y2); 
fclose(z2); 
 
%writing Voffset and Ioffset to txt file offsets 
y3=[Irrad';ModTemp']; 
z3=fopen('mets.txt','w'); 
fprintf(z3,'Irrad, ModTemp \n\n'); 
fprintf(z3,'%f  %f\n',y3); Appendix B: Computer Programmes 
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fclose(z3); 
 
%writing STC IV data to IV.txt file 
x=[V;I]; 
z1=fopen('VI.txt','w'); 
fprintf(z1,'Voltage and Current at STC \n\n'); 
fprintf(z1,'%f %f\n',x); 
fclose(z1); 
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C  Performance Prediction Tool Inputs 
C.1  Comparison of Measured Meteorological Data with TMY Data 
The year of measured meteorological data used in the simulation was from March 2001 
to February 2002.  Typically people wishing to size a system will have access only to 
average data.  In this section a comparison is made between the average meteorological 
data measured on site to TMY data obtained for Perth (Morrison & Litvak, 1988). 
 
Overall the measured year was typical.  Annually the average-daily measured global 
horizontal PSHs were 4% higher than the figure given in a TMY.  The average-daily 
sun-up temperatures measured on site were 0.4°C higher than the TMY, and the 
measured average-daily wind speeds were 1.1m/s higher than the TMY 
C.1.1 Horizontal  Radiation 
 
Month  MUERI GHR 
average daily 
PSH 
TMY GHR 
average daily 
PSH 
January  8.0  8.1 
February  7.5  7.0 
March  6.4  5.9 
April  4.3  4.2 
May  2.8  3.0 
June  2.7  2.4 
July  2.9  2.6 
August  3.5  3.4 
September  4.2  4.8 
October  6.4  6.1 
November  7.6  7.4 
December  8.3  7.9 
Average Annual  5.4  5.2 
Table C-1 Comparison of Average Daily Horizontal PSHs measured on site with TMY data for 
Perth. 
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Figure C-1 Comparison of Average Daily Horizontal PSHs measured on site with TMY data for 
Perth. 
 
The differences between the measured year of GHR and that given the in TMY are 
between -0.6 and +0.6 PSH per day (see Table C-1 and Figure C-1).  In a medium 
radiation month, such as September, this represents a difference of 12.4%.  However, 
when this difference occurs in February it represents only an 8% difference.  Appendix C: Performance Prediction Tool Inputs 
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C.1.2 Ambient  Temperatures 
Month  MUERI 
Average 
Ambient Sun 
Up 
Temperatures  
(°C) 
 
TMY GHR 
Average 
Ambient Sun 
Up 
Temperatures  
(°C) 
January  26.8  26.4 
February  27.7  27.1 
March  26.0  25.5 
April  24.3  22.4 
May  19.9  19.5 
June  17.7  16.8 
July  16.7  14.9 
August  17.0  16.2 
September  16.9  17.4 
October  18.4  17.6 
November  22.7  22.6 
December  22.9  25.7 
Average Annual  21.4  21.0 
Table C-2 Comparison of Average Ambient Sun-Up Temperatures measured on site with TMY 
data for Perth. 
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Figure C-2 Comparison of Average Ambient Sun-Up Temperatures measured on site with TMY 
data for Perth. 
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Table C-2 and Figure C-2 show that the measured monthly-average-daily sun-up 
temperatures are similar to that of the TMY. The monthly differences are small, ranging 
from 2.8°C below TMY to 1.9°C above TMY. 
C.1.3  Average Wind Speeds 
Month  MUERI 
Average Sun-
Up Wind 
Speeds 
TMY GHR 
Average Sun-
Up Wind 
Speeds 
January  6.0  3.4 
February  6.5  3.6 
March  5.5  3.6 
April  4.0  3.7 
May  3.1  2.6 
June  2.2  3.4 
July  3.1  3.4 
August  3.4  3.1 
September  4.2  2.8 
October  5.5  3.7 
November  5.9  4.2 
December  6.2  4.1 
Average Annual  4.6  3.5 
Table C-3 Comparison of Average Wind Speeds measured on site with TMY data for Perth. 
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Figure C-3 Comparison of Average Sun-Up Wind Speeds measured on site with TMY data for 
Perth. Appendix C: Performance Prediction Tool Inputs 
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The largest deviation of measured data from TMY is in the average daily wind speeds.  
The TMY data is very stable across the whole year, as can be seen in Table C-3 and in 
Figure C-3.  However, wind speeds measured at the MUERI site show distinct seasonal 
variation, with significantly higher wind speeds in the warmer months.  Wind speeds are 
extremely site dependent and sensitive to the surrounding terrain so this result is not 
unreasonable.  Because only the sun-up wind speeds will affect the temperature and 
performance of PV modules they are the values that have been considered here. 
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C.2 Meteorological  Data  Sets 
As discussed in chapter 2 and chapter 5, PVDP requires hourly values for HER and 
DHR as well as the standard inputs of GHR, Ambient Temperature, and, if available, 
wind speed.  Both DHR, not measured on site, and the HER needed to be calculated.  
 
The Australian Standard design method also required the calculation of monthly-
average-daily POA irradiance values from the measured GHR.   
 
The following sections describe the methods and equations used in calculating these 
values. 
C.2.1  Hourly Radiation Data Set for PV-Design Pro v 5.0. 
Hourly values for hourly HER (Horizontal Extraterrestrial Radiation), or Io, were 
calculated using a method recommended by both Duffie and Beckman (Duffie & 
Beckman, 1991) and by Iqbal (Iqbal, 1983).  The irradiance value of the mid-point of an 
hour was calculated using Equation C-1 (Duffie, eq. 1.10.2).  This value was assumed to 
be the average irradiance for that hour, thereby allowing a calculation of total HER by 
multiplying the W/m
2 value by one hour to get the energy term Io.  Duffie and Beckman 
do state that the differences of this method, and a true integration for a period between 
two hour angles, will result in slightly larger differences at times near sunrise and 
sunset, but that these differences are still small (Duffie & Beckman, 1991). 
 
δ φ ω δ φ sin sin cos cos cos
365
360
cos 033 . 0 1 + ⎟
⎠
⎞
⎜
⎝
⎛ + =
n
G G SC O  
Equation C-1 
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t G I O O =  
Equation C-2 
Where: 
Go  = Extraterrestrial irradiance, W/m
2 
Gsc  = Solar Constant = 1367 W/m
2 
Io  = Total hourly horizontal extraterrestrial radiation (Wh/m
2) 
t  = Time interval in hours, (set to 1) 
n   = Day number of the year (using a fractional values based on time of day). 
φ  = Latitude of site  
δ =  Declination 
ω =   Hour angle, the angular displacement of the sun east or west of the local 
meridian due to the rotation of the earth on its axis at 15° per hour, with the morning 
being a negative value, and the afternoon a positive one. (Duffie & Beckman, 1991) 
 
The following site details for MUERI were used (Carter, 2001): 
Latitude:  32° 4.1' S 
Longitude: 115°  50.25'  E 
Elevation: 21.5  m 
 
In developing this data set, to match up with the requirements of PVDP, fractional 
values for day of the year were chosen.  These flow onto the calculation of declination, 
solar time, hour angle, zenith angle and finally the Horizontal Extraterrestrial Radiation. 
Declination is defined as: 
’the angular position of the sun at solar noon, (i.e., when the sun is on the 
local meridian) with respect to the plane of the equator,’…  
(Duffie & Beckman, 1991) . Appendix C: Performance Prediction Tool Inputs 
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Therefore the day number used in the calculation of the declination has an integer value 
at solar noon.  The day values take this into account. 
 
Declination, in degrees, has been calculated using Equation 3 given by Iqbal (Iqbal eq. 
1.3.1) it is recommended as the best equation to use for higher accuracy and for use in 
computer programmes (Iqbal, 1983). 
 
⎟
⎟
⎟
⎠
⎞
⎜
⎜
⎜
⎝
⎛
Γ + Γ −
Γ + Γ −
Γ + Γ −
⎟
⎠
⎞
⎜
⎝
⎛
=
3 sin 00148 . 0 3 cos 002697 . 0
2 sin 000907 . 0 2 cos 006758 . 0
sin 070257 . 0 cos 399912 . 0 006918 . 0
180
π
δ  
Equation C-3 
Where: 
Γ   = Day angle (radians)  
And is given by (Iqbal, eq. 1.2.2): 
() 365 1 2 − = Γ n π  
Equation C-4 
The hour angle, ω, is calculated using its relationship to solar time of  
ω = (Solar time (hours) -12(hours))*15deg. 
 
The solar time is calculated following Iqbal (Iqbal, eq. 1.4.2), where:  
 
Local apparent time or Solar Time    
=  Local standard time + longitude correction + equation of time 
=  Local standard time + 4(Ls - Le) + Et   
Equation C-5  
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Ls = Local Standard Longitude 
Le = Local Longitude 
Et = Equation of time 
 
And Et  a correction for the varying solar day length of the earth throughout the year is 
given by Equation C-6 (Iqbal, eq. 1.4.1).  
 
() 18 . 229
2 sin 04089 . 0 2 cos 014615 . 0
sin 032077 . 0 cos 001868 . 0 000075 . 0
⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
Γ − Γ −
Γ − Γ +
= Et  
Equation C-6  
To calculate the DHR component, or Id, required by PVDP, the measured value of GHR 
was combined with the calculated Io to find a value for the hourly clearness index kT  
Equation C-7  (Duffie, eq. 2.9.3). This hourly clearness index was then used in the 
determination of the Id data set. The following relationships taken from Duffie and 
Beckman, (Duffie & Beckman, 1991) were used in this process: 
O
T I
I
k =  
Equation C-7  
Where: 
I   = Total hourly solar radiation on a horizontal surface, measured at MUERI. 
Io  = Total hourly extraterrestrial radiation on a horizontal surface. 
 
From this value of kT the diffuse component of the radiation, Id, was determined using 
Equation C-8, the correlation from Erbs et al. (1982) given in Duffie &Beckman (Duffie 
eq.2.10.1): 
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Equation C-8 
 
C.2.2  Monthly Daily Average POA Radiation Data for Australian Standard.  
As discussed in Section 5.2.2.1, two methods for calculating the monthly-average-daily 
POA radiation for use in the Australian Standard design method have been investigated 
in this work.  They are, the method of Liu and Jordan (extended by Klein) and the Klein 
and Theilacker method (Duffie & Beckman, 1991).  The correlation of Erbs et al has 
been used to calculate the diffuse component of radiation. 
 
All the requisite equations and theory behind these two methods are extensively 
discussed in Duffie and Beckman (Duffie & Beckman, 1991).  
Duffie and Beckman suggest that, although more cumbersome to use, the Klein and 
Theilacker method shows improved results compared with the Liu and Jordan method.  
Both methods were applied to the monthly-average-daily horizontal radiation measured 
in this study. The Liu & Jordan method was chosen as it was found to agree more with 
the measured POA irradiance, (see Table C-4 and Figure C-4). 
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Month  Days 
of 
data 
Measured 
Ave. Daily 
GHR kWh/m
2 
 
Measured 
Ave. Daily 
POA kWh/m
2 
 
Liu and 
Jordan 
kWh/m
2 
Klein and 
Theilacker 
kWh/m
2 
January  30  8.0  7.2  7.0  7.2 
February  28  7.5  7.5  7.2  7.3 
March  31  6.4  7.3  7.0  6.9 
April  29  4.3  5.7  5.4  5.3 
May  31  2.8  4.0  4.0  3.8 
June  30  2.7  4.4  4.2  4.1 
July  31  2.9  4.5  4.3  4.1 
August  29  3.5  4.7  4.5  4.4 
September  29  4.2  4.8  4.6  4.6 
October  30  6.4  6.5  6.3  6.4 
November  30  7.6  6.9  6.8  6.9 
December  30  8.3  7.2  7.1  7.3 
Yearly Totals   358  1924  2104  2042  2033 
Table C-4 Measured and calculated Monthly-Average-Daily Irradiance (kWh/m2 or PSH). 
 
The Liu & Jordan result underestimates the annual radiation in the POA by 2.9% and 
the Klein and Theilacker method underestimates it by 3.4%. While these are not 
significantly different, it is in the month by month results that the Liu & Jordan method 
is more consistent, the monthly differences range from about 0.5% to 4.9% with most 
months being around 2-3% less than the measured value.  The Klein and Theilacker 
method has a larger range of differences, from 1.2% more to 7.1% less than the 
measured value, with 5 months’ underestimating the measured incident radiation by 
more than 5%. Appendix C: Performance Prediction Tool Inputs 
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Figure C-4 Comparison of measured and calculated monthly-average-daily irradiance in PSH.   
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C.3 Model  Inputs 
As discussed in section 5.3 the following three sub-sections provide the detailed inputs 
and set values used in the five prediction tools evaluated.  The information includes 
whether the input is fixed, is set by the user, or is in a data base. 
C.3.1  PV Model Inputs 
Parameter  Australian 
Standards 
RAPSIM2  HYBRID2  PV-Design-
Pro 
SOMES 
PV Model  Simple  Simple  One-Diode  Sandia 
Simple + 
varied 
efficiency with 
irradiance. 
Pmax  User  User  -  In data base  User 
Voc  -  -  User  In data base  - 
Isc  -  -  User  In data base  - 
Vmp  -  -  User  In data base  - 
Imp  -  -  User  In data base  - 
η at STC  -  User  -  -  User 
η at different 
irradiances and 
25°C 
-  -  -  -  User 
κ – TC of 
power  User  Fixed 0.5%  -  -  User 
α – TC of 
current  -  -  User  In data base  - 
β – TC of 
Voltage  -  -  User  In data base  - 
Eg 
 - Cell 
Material Energy 
Band Gap (eV 
.) 
-  -  User  -  - 
Diode Ideality 
factor  -  -  -  In data base  - 
Number of 
Cells in Series  -  -  User  In data base  - 
Module Area  -  -  User  In data base  - 
Other Empirical 
Module 
Parameters 
-  -  -  In data base  - 
Mppt  User  Fixed = Yes  User  User  User 
Losses 
MPPT eff %  User  included in 
generic losses  User  User  User 
generic  -  Fixed = 5%  -  -  User 
Manufacturers’ 
tolerance  User  -  -  -  - 
Wiring  -  -  -  User  - 
Array  -  -  User  User  - 
Soiling  User  -  -  -  - 
Shading  User  -  -  User  - 
Other factors 
Time Step  Monthly  User  User  Hourly  Hourly 
Simulation  Year  User  User  Year  User Appendix C: Performance Prediction Tool Inputs 
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Parameter  Australian 
Standards 
RAPSIM2  HYBRID2  PV-Design-
Pro 
SOMES 
Length 
N = start day 
(of the year)  -  User  User  Assumed = 1  User 
End Day  -  User  -  Assumed = 
365  - 
Module Temp. 
at STC  User  Assumed 25°C  User  Assumed 25°C  Assumed 25°C 
Irr. at STC  User  Assumed 1000 
W/m
2  User  Assumed 1000 
W/m
2 
Assumed 1000 
W/m
2 
Amb. T at 
SOC  -  -  User  -  Assumed 20°C 
Irr. at SOC  -  -  User  -  Assumed 800 
W/m
2 
Table C-5 PV Model inputs 
C.3.2 Radiation  Model  Inputs 
Parameter  Australian 
Standards 
RAPSIM2  HYBRID2  PV-Design-
Pro 
SOMES 
Global 
Horizontal 
Irradiance 
Monthly Daily 
Average 
User 
Hourly (or 
smaller 
interval) 
Average User 
Hourly (or 
smaller 
interval) 
Average User 
Hourly 
Average 
User 
Hourly 
Average 
User 
Diffuse 
Radiation 
model 
Appropriate 
 
Modified 
Orgill and 
Holland 
Correlation 
ERBS et al. 
No model, 
input by User 
or in Data base 
Orgill and 
Holland 
Correlation 
Radiation on a 
tilted surface 
Appropriate 
 
Hay and 
Davies  HDKR  HDKR or 
Perez  Perez 
ρg   
(Ground 
Reflectance) 
User  Fixed 
0.2  User  User  User 
Latitude φ  User  User  User  User  User 
Longitude   User  User  User  User  User 
Local Standard 
Meridian  User  User  Calculated  User  Calculated 
N = start day 
(of the year)  User  User  User  Assumed = 1  User 
Module 
Azimuth  User  Fixed 180°  User  User  User 
Module Tilt  User  User  User  User  User 
Rb limit  -  -  -  User  - 
Standard / 
Solar Time  -  -  User  -  - 
Table C-6 Radiation model inputs Appendix C: Performance Prediction Tool Inputs 
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C.3.3  Thermal Model Inputs 
Parameter  Australian 
Standards 
RAPSIM2  HYBRID2  PV-Design-
Pro 
SOMES 
Thermal 
Model 
Simple 
Cell Temp = 
Ambient 
Temp. 
+ 25°C 
Fuentes 
Energy 
Balance 
Duffie and 
Beckman 
Sandia 
Fuentes 
Or 
∝ to Irr 
Or 
Fixed 
 
Radiation on a 
tilted surface  -  From earlier 
calculation 
From earlier 
calculation 
From earlier 
calculation 
From earlier 
calculation 
Ambient 
Temperature  User  User  User  User  User 
NOCT at SOC  -  -  User  -  - 
INOCT at 
SOC  -  Fixed = 46°C  -  -  User 
Wind Speed  -  User  -  User  User 
Anemom. 
Height  -  Fixed = 10m  Not Used  Fixed 10m  User 
Module Height  -  Fixed = 1m  Not Used  Near ground  User 
Specific 
Module 
Parameters 
-  -  -  In data base  - 
Table C-7 Thermal models and inputs 
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C.4 Module  Inputs 
The following tables list all the inputs used in running the predictions for each package 
and for each module.  Table C-8 contains the site specific parameters that do not change 
from module to module.  Then, in the following 7 tables, each module is listed with the 
inputs that are specific to the individual module. US-64 is listed in its original form and 
as US-64(modified). 
C.4.1  Site Specific Parameters 
Parameter  Aust. 
Standards 
RAPSIM2  Hybrid2  PVDP  SOMES 
Meteorological 
data (files)    MUERI.prn    MueriWS10m.
mdb   
radiation data 
(files) 
average 
monthly daily – 
(calculated 
from measured) 
  MUERIghr.txt    MUERI01.sol 
Temperature 
data (files) 
average 
monthly daily 
(sum Up) 
(calculated 
from measured) 
  MUERIDBT.txt    MUERI01.amb 
Wind speed 
data 
(files or 
process) 
  converted to 
10m  not required  converted to 
10m 
MUERI01.wnd 
converted to 
10m 
Module Height 
(m)    Fixed = 1   not required  near ground  1  
Ground 
reflectance  0.2  Fixed =  0.2  0.2  0.2  0.2 
Azimuth   180°  Fixed  = 180°  180°  180°  180° 
Latitude   -32°  32°  -32° 4'  -32.06833°  32° S 
Longitude  244.16°    244° 9.75'  244.1625°   
Local meridian   240°  120°  Calculated  240°  Calculated 
Elevation (m)        21.5   
Tilt angle   32°  32°    32°   
Start day (of the 
year)  1  1    Assumed = 1   
Table C-8 Summary of site specific inputs used in all performance prediction runs.  
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C.4.2  Individual Module Input Summaries 
C.4.2.1  SX-75 p-Si 
SX-75           
Parameter  Aust. 
Standards  RAPSIM2  Hybrid2  PVDP  SOMES 
Pmax  75  75      75 
Voc      20.7  20.7   
Isc      4.97  4.97   
Vmp      16.5  16.5   
Imp      4.54  4.54   
Efficiency at 
STC (%)    10.26      10.26 
Efficiency (Irr) 
(% of  %)         
Table of 
Efficiency 
values (see 
Table C-16) 
κ (TC of 
Power) W/°C 
standard 
-0.005  fixed = -0.005       
κ (TC of 
Power) W/°C 
Manufacturer’s 
-0.005        -0.005 
α  (TC of Isc) 
A/°C      0.00325  0.000512   
β (TC of Voc) 
 V/ °C      -0.08  -0.0808   
Energy Gap 
(eV)      1.12     
NOCT (°C)      47     
INOCT (°C)    fixed  = 46      44 
Guaranteed 
Initial 
Minimum 
Power (W) 
70         
Module area 
(m
2)      0.730912  0.732   
Number of cells 
in series       36  36   
Number of cells 
 in parallel      1  1   
Hybrid2 
Modelling- (see 
section 2.6.3) 
    Well  modelled     
Table C-9 Summary of module specific inputs for module SX-75 (p-Si) used in all performance 
prediction runs. Appendix C: Performance Prediction Tool Inputs 
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C.4.2.2  BP275 c-Si 
BP-275           
Parameter  Aust. 
Standards  RAPSIM2  Hybrid2  PVDP  SOMES 
Pmax  75  75      75 
Voc      21.4  21.4   
Isc      4.75  4.75   
Vmp      17  17   
Imp      4.45  4.45   
Efficiency at 
STC (%)    11.91      11.91 
Efficiency (Irr) 
(% of  %)         
Table of 
Efficiency 
values (see 
Table C-16) 
κ (TC of 
Power) W/°C 
standard 
-0.005  fixed = -0.005       
κ (TC of 
Power) W/°C 
Manufacturer’s 
-0.005        -0.005 
α  (TC of Isc) 
A/°C      0.00325  0.000512   
β (TC of Voc) 
 V/ °C      -0.08  -0.0808   
Energy Gap 
(eV)      1.12     
NOCT (°C)      47     
INOCT (°C)    fixed  = 46      44 
Guaranteed 
Initial 
Minimum 
Power (W) 
70         
Module area 
(m
2)      0.62964  0.63   
Number of cells 
in series       36  36   
Number of cells 
 in parallel      1  1   
Hybrid2 
Modelling- (see 
section 2.6.3) 
    Not well  
modelled     
Table C-10 Summary of module specific inputs for module BP275(c-Si) used in all performance 
prediction runs. Appendix C: Performance Prediction Tool Inputs 
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C.4.2.3  US-64 (3j, a-Si) and US-64(3j, a-Si) (modified) 
US-64           
Parameter  Aust. 
Standards  RAPSIM2  Hybrid2  PVDP  SOMES 
Pmax  64  64      64 
Voc      23.8  23.8   
Isc      4.8  4.8   
Vmp      16.5  16.5   
Imp      3.88  3.88   
Efficiency at 
STC (%)    6.32      6.32 
Efficiency (Irr) 
(% of  %)         
Table of 
Efficiency 
values (see 
Table C-16) 
κ (TC of 
Power) W/°C 
standard 
-0.005  fixed = -0.005       
κ (TC of 
Power) W/°C 
Manufacturer’s 
-0.0021        -0.0021 
α  (TC of Isc) 
A/°C      0.0048  0.00085   
β (TC of Voc) 
 V/ °C      0.09044  -0.098   
Energy Gap 
(eV)      1.7     
NOCT (°C)      44     
INOCT (°C)    fixed = 46      41 
Guaranteed 
Initial 
Minimum 
Power (W) 
57.6         
Module area 
(m
2)      1.012553  1.01   
Number of cells 
in series      11  11   
Number of cells 
 in parallel      2  2   
Hybrid2 
Modelling- (see 
section 2.6.3) 
    Not well  
modelled     
Table C-11 Summary of module specific inputs for module US-64(3j, a-Si) used in all performance 
prediction runs. 
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US-64 
(modified) 
         
Parameter  Aust. 
Standards  RAPSIM2  Hybrid2  PVDP  SOMES 
Pmax  58.09  58.09      58.09 
Voc      22.44  22.44   
Isc      4.8  4.8   
Vmp      15.96  15.96   
Imp      3.64  3.64   
Efficiency at 
STC (%)    5.74      5.74 
Efficiency (Irr) 
(% of  %)         
Table of 
Efficiency 
values (see 
Table C-16) 
κ (TC of 
Power) W/°C 
standard 
-0.005  fixed = -0.005       
κ (TC of 
Power) W/°C 
Manufacturer’s 
-0.0021        -0.0021 
α  (TC of Isc) 
A/°C      0.0048  0.00085   
β (TC of Voc) 
 V/ °C      0.09044  -0.098   
Energy Gap 
(eV)      1.7     
NOCT (°C)      44     
INOCT (°C)    fixed = 46      41 
Guaranteed 
Initial 
Minimum 
Power (W) 
57.6         
Module area 
(m
2)      1.012553  1.01   
Number of cells 
in series      11  11   
Number of cells 
 in parallel      2  2   
Hybrid2 
Modelling- (see 
section 2.6.3) 
    Not well  
modelled     
Table C-12 Summary of module specific inputs for module US-64(3j, a-Si) (modified) used in all 
performance prediction runs. Appendix C: Performance Prediction Tool Inputs 
 
  C-21
C.4.2.4  BP585 (LGBC, c-Si) 
BP-585           
Parameter  Aust. 
Standards  RAPSIM2  Hybrid2  PVDP  SOMES 
Pmax  85  85      85 
Voc      22.1  22   
Isc      5  5   
Vmp      18  18   
Imp      4.72  4.7   
Efficiency at 
STC (%)    13.4      13.4 
Efficiency (Irr) 
(% of  %)         
Table of 
Efficiency 
values (see 
Table C-16) 
κ (TC of 
Power) W/°C 
standard 
-0.005  fixed = -0.005       
κ (TC of 
Power) W/°C 
Manufacturer’s 
-0.005        -0.005 
α  (TC of Isc) 
A/°C      0.00325  0.00008   
β (TC of Voc) 
 V/ °C      -0.08  -0.094   
Energy Gap 
(eV)      1.12     
NOCT (°C)      47     
INOCT (°C)    fixed = 46      44 
Guaranteed 
Initial 
Minimum 
Power (W) 
80         
Module area 
(m
2)      0.62964  0.63   
Number of cells 
in series      36  36   
Number of cells 
 in parallel      1  1   
Hybrid2 
Modelling- (see 
section 2.6.3) 
    Not well  
modelled     
Table C-13 Summary of module specific inputs for module BP585(LGBC, c-Si) used in all 
performance prediction runs. Appendix C: Performance Prediction Tool Inputs 
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C.4.2.5  ST40 CIS 
ST40           
Parameter  Aust. 
Standards  RAPSIM2  Hybrid2  PVDP  SOMES 
Pmax  40  40      40 
Voc      22.2  22.2   
Isc      2.59  2.59   
Vmp      16.6  16.6   
Imp      2.41  2.41   
Efficiency at 
STC (%)    9.4      9.4 
Efficiency (Irr) 
(% of  %)         
Table of 
Efficiency 
values (see 
Table C-16) 
κ (TC of 
Power) W/°C 
standard 
-0.005  fixed = -0.005       
κ (TC of 
Power) W/°C 
Manufacturer’s 
-0.0059        -0.0059 
α  (TC of Isc) 
A/°C      0.00026  -0.000013   
β (TC of Voc) 
 V/ °C      -0.1  -0.0906   
Energy Gap 
(eV)      0.95     
NOCT (°C)      47     
INOCT (°C)    fixed = 46      44 
Guaranteed 
Initial 
Minimum 
Power (W) 
36         
Module area 
(m
2)      0.425397  0.424   
Number of cells 
in series      42  42   
Number of cells 
 in parallel      1  1   
Hybrid2 
Modelling- (see 
section 2.6.3) 
    Not well 
modelled     
Table C-14 Summary of module specific inputs for module ST40 (CIS) used in all performance 
prediction runs. 
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C.4.2.6  PW750/70 p-Si 
PW750/70           
Parameter  Aust. 
Standards  RAPSIM2  Hybrid2  PVDP  SOMES 
Pmax  70  70      70 
Voc      21.3  21.3   
Isc      4.5  4.5   
Vmp      16.7  16.7   
Imp      4.2  4.2   
Efficiency at 
STC (%)    10.17      10.17 
Efficiency (Irr) 
(% of  %)         
Table of 
Efficiency 
values (see 
Table C-16) 
κ (TC of 
Power) W/°C 
standard 
-0.005  fixed = -0.005       
κ (TC of 
Power) W/°C 
Manufacturer’s 
-0.0044        -0.0044 
α  (TC of Isc) 
A/°C      0.00146  0.00062   
β (TC of Voc) 
 V/ °C      -0.0782  -0.0785   
Energy Gap 
(eV)      1.12     
NOCT (°C)      45     
INOCT (°C)    fixed = 46      42 
Guaranteed 
Initial 
Minimum 
Power (W) 
65         
Module area 
(m
2)      0.687772  0.707   
Number of cells 
in series      36  36   
Number of cells 
 in parallel      1  1   
Hybrid2 
Modelling- (see 
section 2.6.3) 
    Well  modelled     
Table C-15 Summary of module specific inputs for module PW70/70(p-Si) used in all performance 
prediction runs. 
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C.4.2.7  Efficiency tables for SOMES 
As discussed in section 2.6.5 and in section 5.3 SOMES requires the additional input of 
a set of efficiency values as a function of irradiance.  Table C-16 presents the values 
that were calculated for and used in this work.  It is worth noting that although 
efficiency can not be defined at zero irradiance SOMES requires the value as an input. 
Irradiance 
W/m2 
SX-75  BP275  US-64 
 
BP585  ST40  PW750/70 
1000  100  100  100  100  100  100 
900  100  100  102.1  99.9  99.2  100.2 
800  99.8  99.9  103.2  99.8  98.4  100.3 
700  99.6  99.7  106.3  99.7  97.4  100.3 
600  99.3  99.3  108.6  99.4  96.1  100.1 
500  98.8  98.7  110.8  98.9  94.6  99.8 
400  98.1  97.8  113.2  98.0  92.7  99.1 
300  96.7  96.3  115.4  96.5  90.0  97.8 
200  94.4  93.3  117.5  93.8  85.8  95.0 
100  88.9  86.5  119.2  87.4  77.7  88.0 
0  39.5  23.5  86.5  30.7  19.1  18.1 
Table C-16 Module Efficiency as a function of irradiance (% of Efficiency at 1000W/m2) generated 
using Sandia IV curve tracer programme (Pelosi, 2001). 
 